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Abstract 
 
The preferred route to treatment of the vast majority of intermediate level nuclear waste 
(ILW) within the UK is via encapsulation within a composite cement system. The integrity 
of these conditioned waste packages must be maintained for hundreds to thousands of 
years since they will eventually be stored deep below ground in a geological disposal 
facility (GDF), with this expected to be a permanent route to disposal. 
A thorough and clear understanding of the hydration, microstructural development, and 
hence performance, of grouting materials is essential in providing confidence in the 
suitability of the technology and ensuring that structural integrity is maintained.  
This project comes at a time of significant uncertainty for the cement industry, as well 
as the steel industry which has significant ramifications on the availability of blastfurnace 
slag (BFS, hereafter referred to as slag). Through quantifying the ramifications of 
changes to supply of either of these materials it will be possible to determine the 
resilience of the technique to chemical and physical variations, in an effort to futureproof 
supply. 
Within this study, grouts prepared with slag and ordinary Portland cement (OPC), at a 
ratio of 3:1 slag: OPC at a water to binder ratio (w/b) of 0.35, were analysed at 20°C. 
The impact of OPC composition, slag composition and slag fineness on rate and degree 
of hydration were assessed. Microstructural development was followed by a number of 
techniques in 2 and 3 dimensions, with the engineering performance of samples also 
quantified via a range of testing protocols. Resilience to potential fire scenarios was also 
investigated through simulated heat-testing of samples and subsequent analysis. 
Slag fineness is the most significant factor in controlling rate and degree of its hydration 
within both young and mature pastes at these high replacement levels. Availability of 
pore space into which hydrates may grow appears to the limiting factor in continued 
hydration; significant quantities of CH remain after 1 year of hydration, intermixed with 
C-S-H in a densely filled microstructure. 
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1. Introduction 
 
1.1 Background 
 
2016 marks the 60th anniversary of civil nuclear power in the UK, over this time there 
has been a great deal of pioneering development in terms of reactor design and 
operation as well as reprocessing of fuels. One by-product of this long period of 
development and utilisation has been the unavoidable production of a large volume of 
waste. This waste is of great variability in terms of radioactivity content, the states in 
which it exists and subsequently the ways in which it is managed and treated; within the 
UK, the safe storage, treatment and ultimate disposal of nuclear waste poses arguably 
the greatest engineering challenge of the coming century. 
Variations in composition, levels of radioactivity and state (liquid, solid, slurry, sludge 
etc.) define the most suitable treatment and disposal routes for each waste stream; as 
a result it is essential to have a ‘toolbox’ of approaches, techniques and formulations of 
encapsulating materials to provide suitable pre-treatment (Milestone et al., 2006). 
UK government strategy, as outlined by the Nuclear Decommissioning Authority (NDA, 
2016a) is for the vast majority of treated intermediate level waste (ILW) to be stored in 
a geological disposal facility (GDF) at a depth of 200-1000m below ground (DECC, 
2014). Until the date that a suitable site is identified, licenced and a facility constructed; 
treated waste packages are to be kept in interim storage. The total length of this storage 
period is as yes not certain, but is likely to be in the region of decades as the 
implementation of a GDF may not occur within this century. 
Conditioned waste packages must therefore be constructed with durability and longevity 
in mind since their future is uncertain and their suitability to both interim storage and 
ultimate placement within a GDF is of paramount importance. 
This project aims to provide significant insight into the hydration, microstructural 
development and subsequent engineering performance of a number of cementitious 
grouts used in the treatment of the high volume and highly variable ILW streams 
produced in the UK. 
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The current and legacy standard specification grouts along with a number of potential 
replacement mixes were studied. Grout formulations were prepared with 75% 
blastfurnace slag (BFS/slag) and 25% ordinary Portland cement (OPC), i.e. 3:1 BFS: 
OPC systems. Grouts were prepared using a range of BFS and OPC compositions, with 
chemical composition and physical properties (fineness) assessed both independently 
and dependently. 
Grouts for the treatment of ILW have been studied fairly extensively over the years with 
countless industrial trials and investigations. A number of more in depth PhD projects, 
similar to this in a number of ways, have provided significant further insight (Utton, 2006, 
Collier, 2006) with a number of similar or related projects currently ongoing at a number 
of universities across the UK.  
This project marks the first time in which significant investigation has been made into 
grout hydration using the most up-to-date methods, in addition to engineering 
performance testing. The research presented herein is further enhanced through 
microstructural investigation via X-ray micro-computed tomography and Monte Carlo 
based ‘random walk’ simulations, the first time that such a technique has been used to 
study ILW grouting matrices. 
 
1.2 Aims and objectives 
 
The aims of this project were three fold; 
 
1. To quantify hydration, understand how it is impacted by the chemical and 
physical attributes of the constituent materials and to link this to 
microstructural development. 
 
Previous research has shown that the chemistry and physical properties of both clinker 
and slag have significant ramifications on their rate and overall degree of hydration. This 
project aimed to identify the degree to which these parameters affect hydration within 
grouts prepared for the treatment of ILW, in which the replacement level by slag is 
significantly high and the properties of the constituent materials are of notable 
importance. 
To this end, a number of objectives needed to be satisfied: 
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1. Use a range of suitable techniques to quantify hydration of both slag and clinker 
within the studied composite systems at a range of ages; assessing the suitability 
of each and using results to corroborate one another. 
2. Quantify the degree to which the chemical composition and physical properties 
(critically, particle size distribution) of blastfurnace slag control or limit hydration 
at different ages. 
3. Probe microstructural development through application of a number of 
appropriate techniques and methodologies. Particularly, apply microcomputed 
x-ray tomography and subsequent random walk simulations on untreated 
samples to provide statistically meaningful results,  
 
2. To understand how variations in hydration impact upon engineering 
performance, with a key focus on the impact of damage caused at elevated 
temperatures, in line with potential fire scenario regulations. 
 
Permeability of waste packages will play a key role in determining their long-term 
durability and suitability for proposed storage and disposal scenarios. Understanding 
the impacts of composition upon microstructural development and ultimately 
engineering performance is crucial in ensuring that the treatment technology is fit for 
purpose and that a future GDF is safe and poses no danger to its surrounding biosphere. 
Clearly, leaching of waste species into the surrounding environment is the most 
significant concern with regards waste treatment and long-term suitability of conditioned 
waste packages. 
One of the key concerns in the safe storage, transport and ultimate placement of waste 
packages into a GDF is the potential for the occurrence of scenarios in which damage 
may be caused. The most significant of these concerns relate to potential fire scenarios 
and the subsequent damage that they might cause to the resultant performance and 
suitability of affected waste packages. Understanding, therefore, how these grouting 
materials are affected by exposure to temperatures and conditions mimicking such a 
situation provide significant insight into their potential resilience.  
Quantifying the impact of variations in hydration state upon engineering performance 
will be achieved via the following objectives: 
1. Identify suitable treatment and exposure conditions to mimic or simulate fire 
scenarios and/or other deleterious environments. 
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2. Preparing and aging samples to ensure a range of different sample compositions 
are analysed at a variety of hydration states and following a range of varying 
exposure conditions. 
3. Application of a range of suitable testing methods to quantify damage and hence, 
potential resilience to fire scenarios or other damage which may occur in service. 
 
3. The overarching industrial aim of the project is to understand how changes 
to composition impact upon hydration and performance with the key goal 
of ensuring a continuity of supply in an attempt to futureproof this 
treatment technology. 
 
The significant changes that have occurred within the UK over recent years in the 
cement industry and the iron industry highlight the importance of understanding and 
quantifying the effects of changes in supply and hence composition. The change in 
supply of clinker for the production of grouting materials that occurred during this project 
highlights the challenges faced by the industry and the need for a deep and thorough 
understanding of the potential ramifications that supply changes may have upon grout 
hydration, microstructural development and, ultimately, waste package performance. 
The changes occurring in the UK iron industry over recent years have been well 
publicised. One fallout of plant closures and uncertainties on the future of the remaining, 
aging, blast furnaces is the impact that this has on the already volatile supply of slag. A 
better understanding of how changes impact hydration and performance is essential in 
ensuring that supply of materials that produce consistent, high quality and suitable 
cementitious grouts is maintained.  
In order to clearly elucidate the impact of compositional changes, the project needed to 
fulfil a number of specific objectives: 
1. Analysis of mix designs reflecting a range of compositions, including legacy, 
current and potential future specifications was essential. It was crucial too that 
the compositional limits set out in the slightly outdated industrial documentation 
was challenged, in an effort to broaden the potential compositions of future 
powder supply. 
2. Aims 1 and 2 needed to be clearly met in order to allow for a thorough 
understanding of the impacts of legacy and potential future changes to supply. 
Techniques to quantify hydration and microstructural development should be 
relevant and suitable for the materials studied.  
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2. Literature review 
 
The following review has been split into three distinct sections. First, it will provide an 
overview of the current knowledge and understanding of cementitious materials based 
on OPC and significantly those containing slag; secondly, it will discuss the use of these 
materials for the treatment of intermediate level nuclear waste (ILW) and finally it will 
probe the microstructural development of such systems and consider their durability and 
hence suitability for such an application. 
 
2.1 Cement chemistry 
 
Portland Cement (PC) and materials based on it are by far the most commonly used 
construction material in the world (Purnell and Black, 2012). Their flexibility and 
versatility mean that they are often suitable, and in many instances preferable, for a wide 
range of alternative applications; from medicine (dental and skeletal) to art (sculpture) 
and, as in the focus of the materials in this study, for the treatment of hazardous waste 
streams. 
Cement as defined by the British Standards Institute (BSI, 2011) is ‘[a] material...that 
has hydraulic properties, when mixed with water it sets and hardens by means of 
hydration. After hardening it retains both its strength and its stability even when placed 
under water.’ 
 
2.1.1 Ordinary Portland cement (OPC) 
 
Portland Cement (or the slight variant, CEMI) is the most abundantly produced and 
consumed cementitious material, both within the UK and internationally; it far outstrips 
alternative cements in construction applications and is also the most commonly utilised 
‘cement’ for nuclear waste conditioning. It is formed through the calcination of limestone 
with an aluminosilicate source (generally a clay) within a kiln at roughly 1450°C. The 
resultant material, clinker, is mixed with around 5% gypsum (Bye, 1999) and ground to 
a fine powder to produce PC. 
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Within the nuclear industry, this material is referred to as ‘OPC’; and whilst this 
terminology is technically something of a misnomer, it allows for the nuclear specific 
variant of the material to be differentiated from Portland cement materials that are used 
within the construction trade. The slight nuances and variations in chemical and physical 
composition would likely have no discernible impact upon performance in construction 
applications; they do, however, have significant ramifications when applied as 
encapsulants for nuclear waste streams. Further, these disparities have a large bearing 
on the supply of materials owing to the potential interactions that could occur between 
certain additions and some waste species.  
The process of pre-grinding the raw materials, heating to a specified temperature and 
for a pre-determined time and subsequently grinding the resultant clinker is generally 
kept constant within a facility. However, since the supply of raw materials varies slightly 
and since kilns and operating parameters will also be inconsistent across facilities, it is 
necessary to have national standards to ensure that all cements meet desired 
specifications in terms of composition and hence performance. To this end, the 
associated British Standard (BSI, 2011) provides specification limits for OPC in the UK 
which define envelopes of conformity in terms of both chemical composition and 
physical properties. 
To clarify, OPC in this context refers to the material used in the preparation of grouts for 
nuclear waste encapsulation, which differ slightly from CEMI used in construction. The 
key differences in preparation are the omission of minor additional constituents (MACs) 
and a lower limestone addition to the ground clinker, as well as the absence of organic 
grinding aids in the granulation process.  
 
2.1.1.1 Composition 
 
Ground clinker, which accounts for roughly 95% of OPC is comprised primarily of 4 
principal crystalline phases (defined in cement chemistry nomenclature as); C3S (alite), 
C2S (belite), C3A (tricalcium aluminate) and C4AF (tetracalcium aluminoferrite) (Taylor, 
1997). The remainder is generally made up of impurities containing Al, Fe, Mg, Na, 
sulphates, phosphates and CaO (Bye, 1999). 
When mixed with water the phases present within the cement powder hydrate; that is to 
say they react with the hydrogen ions present to form solid hydrate products (namely C-
S-H, CH and other iron containing materials). This dynamic process is complex, with the 
rate and, hence, degree of hydration dependent upon a large number of factors. This 
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complexity is further exacerbated in the presence of aggregates; however, since the 
systems investigated in the present study are pastes, the following provides an insight 
into the process in the absence of fine or coarse aggregate. 
Hydration is a dissolution-precipitation process, heterogeneous in nature as it involves 
anhydrous, hydrated and liquid phases. It follows therefore that for hydration to proceed 
the solubility of potential hydration products must be lower than the anhydrous phases 
(Scrivener and Nonat, 2011). The hydration of these 4 principle phases occurs 
concurrently but at considerably differing rates; there is almost certainly some interaction 
between the hydrating phases, however for clarity it is most suitable to discuss their 
hydration independent of one another. 
 
2.1.1.1.1 Tricalcium silicate 
 
Tricalcium silicate (C3S), commonly referred to as alite in its impure form, is the most 
abundant phase within an anhydrous cement, typically accounting for 50-70% by weight 
(Taylor, 1997). Its hydration is the most rapid of the 4 principal phases and as such it 
provides much of the early strength development. 
The reaction of C3S with water results in the formation of calcium silicate hydrate (C-S-
H) [where the dashes denote the fact that there are compositional variations in the C-S-
H gel] as well as the formation of portlandite (CH), as denoted in Equation 1 – 
𝐶3𝑆 + (3 − 𝑥 + 𝑦)𝐻 → 𝐶𝑥𝑆𝐻𝑦 + (3 − 𝑦)𝐶𝐻 
Equation 1 
 
Where ‘x’ represents the Ca/Si ratio, which for a pure OPC system is accepted to be in 
the region of 1.75 (Richardson, 2008). ‘y’ represents the water content, and is thought 
to be equal to 4 in saturated conditions, but is sensitive to changes in humidity and liable 
to dehydration (Bye, 1999). 
C-S-H is a poorly crystalline ‘gel’ with a range of compositions; providing much of the 
strength of the hydrated cement paste. Its structure is such that other elements may be 
incorporated into it, particularly aluminium (Richardson et al., 1993). 
Intermixed within the C-S-H gel is the crystalline hydration product portlandite (CH) 
which, as the second most abundant phase within a hydrated OPC paste, accounts for 
roughly 25% of the hydrated mass (Glasser, 2001). It is the portlandite that contributes 
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significantly to the internal pH of the cement matrix; the presence of portlandite is also 
important for the hydration of slag (as occurs within grouts used for ILW treatment) as 
discussed in more detail in Section 2.1.2. 
 
2.1.1.1.2 Dicalcium silicate 
 
Belite, the impure form of dicalcium silicate (C2S) is the second most abundant phase 
within an OPC powder, typically representing between 15 and 30% of the anhydrous 
material. Belite hydrates much more slowly than alite and as such contributes little to 
early age strength development (Taylor, 1997). Belite is generally present within OPC 
as the -C2S polymorph; its reaction with water results in the formation of the same 
hydration products as C3S, but with reduced portlandite production, as outlined in 
Equation 2 - 
𝐶2𝑆 + (2 − 𝑥 + 𝑦)𝐻 → 𝐶𝑥𝑆𝐻𝑦 + (2 − 𝑦)𝐶𝐻 
Equation 2 
 
2.1.1.1.3 Tricalcium aluminate 
 
C3A will react rapidly with water to form the hexagonal calcium aluminate hydrates, 
C4AH13 and C2AH8 (Brown et al., 1986) and may result in a flash set of the hydrating 
cement; to counteract this, a sulphate source (gypsum) is intermixed with the cement 
clinker during manufacture to delay hydration and allow for mixing, transport and placing 
of the wet grout, mortar or concrete prior to hardening. In the context of nuclear waste 
treatment this is yet more critical, since it is imperative that the grout maintains its fluidity 
for a sufficiently long time to allow pumping and placement in a manner that results in 
the production of an acceptable waste package. 
This introduction of gypsum into the system results in the formation of an AFt phase, 
ettringite, via the following reaction – 
𝐶3𝐴 + 3𝐶𝑆̅𝐻2 + 26𝐻 →  𝐶6𝐴𝑆3̅𝐻32 
Equation 3 
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When the gypsum has all been consumed in the formation of ettringite the availability of 
sulphates in solution is diminished; below a certain sulphate concentration ettringite 
becomes unstable and continued hydration of C3A results in the formation of an AFm 
phase (monosulphoaluminate hydrate) (Bensted and Barnes, 2002) as illustrated – 
𝐶6𝐴𝑆̅𝐻32 + 2𝐶3𝐴 + 4𝐻 → 3𝐶4𝐴𝑆̅𝐻12 
Equation 4 
 
Within a typical CEMI system, the presence of limestone can lead to the formation of 
both hemi- and monocarboaluminates. 
 
2.1.1.1.4 Calcium aluminoferrite 
 
The ferrite phase within cement is generally referred to as C4AF; in reality the phase 
exists over a range of compositions, with the general formula C2F(2-X)AXO10 where x lies 
in the range 0 to 1.4, with C4AF representing a value of x = 1. The ferrite phase may be 
considered as a solid solution between C2F and a hypothetical C2A. The reactivity of the 
ferrite phase is diminished with increasing iron content (as x decreases). For 
simplification (and as x is generally very close to 1 in most common cements) the ferrite 
phase is commonly explained with reference to C4AF. 
Hydration of C4AF is very similar to that of C3A, especially in the presence of gypsum. 
AFt is produced along with an iron rich gel, later converting to AFm. General 
assumptions suggest that C4AF is less reactive than C3A (Bensted and Barnes, 2002) 
and that during hydration there is a competition for gypsum. Jawed et al. (1976) found 
that the conversion from ettringite to AFm was accelerated in the presence of C3A, 
suggesting that C3A is more efficient at competing for sulphate ions. 
A convenient way to represent the reactions of the ferrite phase is – 
𝐶4𝐴𝐹 + 3𝐶𝑆̅𝐻 + 21𝐻 →  𝐶6(𝐴, 𝐹)𝑆3̅𝐻32 +  (𝐹, 𝐴)𝐻3 
And – 
𝐶4𝐴𝐹 +  𝐶6(𝐴, 𝐹)𝑆3̅𝐻32 + 7𝐻 → 3𝐶4(𝐴, 𝐹)𝑆̅𝐻12 +  (𝐹, 𝐴)𝐻3 
Where (A,F) indicated aluminium with variable substitution of iron, and (F,A) indicates 
iron with variable substitution of aluminium. The (F,A)H3 is an amorphous phase that 
forms in small amounts to maintain the correct reaction stoichiometry.  Because of the 
substituted iron, the main reaction products are not pure ettringite and 
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monosulfoaluminate, although they have the same crystal structure.  Instead, cement 
chemists have given them the names AFt and AFm, respectively, where the m indicates 
monosulfate (one sulfate ion) and the t indicates trisulfate.  In a portland cement paste 
where the C3A and C4AF are intimately mixed together, it can be safely assumed that 
the aluminum-bearing reaction products are never completely free of iron, and so the 
terms AFm and AFt are more correct. 
 
2.1.1.2 Hydration 
 
Having an understanding of the hydration of OPC, and blends based upon it, is 
fundamentally important for all its potential applications. Research attempting to fully 
understand and quantify the kinetic mechanisms of cement hydration has been ongoing 
for decades and whilst great progress has been made and potential mechanisms 
suggested, no definitive conclusions have been drawn (Bullard et al., 2011, Gartner et 
al., 2002). Scrivener et al. (2015a) recently detailed much of the recent progress that 
has been made in understanding hydration, drawing upon the most significant 
contributions made in the efforts towards elucidation of the mechanism controlling 
hydration kinetics. 
As discussed, upon contact with water the 4 principal phases present within anhydrous 
cement begin to hydrate. This hydration is exothermic and reference to a plot of heat 
liberation with respect to time (as obtained via the application of an isothermal 
conduction calorimeter) is a simple and common means of displaying and discussing 
kinetics, see Figure 2-1. 
In this schematic, the rapid dissolution phase and the induction (or dormant) period are 
both represented as stage I. The dissolution of C3S, C4A and calcium sulphate occurs 
almost instantaneously, resulting in significant heat release. Following dissolution of the 
surface ions of the phases present, a period of low activity begins. Numerous 
hypotheses as to the cause of this induction period have been proposed; the most 
salient of which are explained and discussed by Juilland (2009) and Gartner et al. 
(2002).  
Recent investigations by Juilland et al. (2010) strongly suggest that the mechanism 
controlling this period of little activity, denoted as stage I in Figure 2-1 (and subsequent 
acceleration period, stage II) may be explained via a dissolution theory based upon 
research conducted in the field of geochemistry. The mechanism suggests that 
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dissolution is initially dominated by the formation of etch pits on the surfaces of cement 
grains, later becoming limited to step retreat from such pits 
 
 
Figure 2-1: Heat evolution curve of a typical modern portland cement [From (Bye, 
1999)] 
  
The presence of this induction period is essential for civil engineering applications and 
is crucial in the case of encapsulation of nuclear waste streams; the remote operation 
of the infilling process necessitates strict controls on the flow properties and setting time 
of grouting materials. Whilst it is true that grouts for ILW encapsulation contain high 
levels of replacement by slag, it is the hydration of the OPC within the systems (and in 
particular the alite) that controls the setting characteristics and is significant in affecting 
rheological properties in general. 
Stage II is the main heat evolution peak and is a result of the formation and growth of 
C-S-H and Portlandite. As discussed above, the ‘trigger’ leading to the acceleration of 
these reactions is still a controversial and unresolved issue. From the numerous 
proposed theories, Bullard and Flatt (2010) have suggested that there are two 
mechanisms which appear most likely; the ‘geochemical’ approach as discussed by 
Juilland et al. or the presence of an inhibiting layer. 
Often observed in heat evolution curves, and exaggerated as stage III in Figure 2-1, is 
the presence of a small ‘hump’ on the deceleration shoulder of the main heat evolution 
peak (stage II). This increase in heat release is a result of C3A hydration following 
depletion of sulphate ions in solution and results in the formation of AFt. 
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Beyond this initial period of rapid reaction, hydration occurs at an ever diminishing rate. 
Hydration beyond 24 hours for an OPC is typically referred to as ‘later age’; it is at this 
time that inner-product C-S-H is formed within the shells of the original cement grains. 
Any AFt formed during stage III will transform into AFm as it reacts with any remaining 
C3A. Continued hydration results in densification of outer product C-S-H and a 
refinement of the pore structure.  
It is often erroneously suggested that OPC hydration is all but complete after 1 year. 
The work of Taylor et al. (2007) has shown significant differences in the microstructure 
and morphology of outer product C-S-H in pastes at 20 years compared to at 14 months. 
The work of Taylor et al. (2007) elucidated the continued hydration of neat OPC 
systems, with further investigation into composite cement systems (Taylor et al., 2010) 
highlighting significant micro- and nano-structural changes occurring between 1 and 20 
years. 
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2.1.2 Composite cements 
 
Composite cements are a combination of OPC and at least one supplementary 
cementitious material (SCM). Almost all commonly available cements in the UK are now 
composites, a result of the continued drive for reduced embodied carbon and increased 
usage of industrial by-products. These substitute materials require no pre-clinkering and 
as such help in offsetting the unavoidable energy usage and anthropogenic CO2 
emissions associated with the production of OPC. 
The use of SCMs is beneficial for a number of construction challenges and particular 
environments. Within the area of nuclear waste treatment they may provide or induce a 
number of advantageous attributes and characteristics. The impact of particular SCMs 
(in particular blastfurnace slag) upon both the physical and chemical properties of a 
grouting material help to enhance performance in both a wet state, prior to setting; and 
in the hardened, hydrated encapsulated waste package. 
A plethora of SCMs are commercially available internationally and cover a wide range 
of compositions (Figure 2-2). Availability of specific SCMs is highly variable and 
geographically sensitive (given the low financial value of the large majority). The most 
abundant SCMs, slag and pulverised fuel ash (PFA), are generally readily available; 
their supply is, however, dependent upon the primary processes from which they arise 
(the production of pig iron for steel manufacture, and the burning of coal for energy 
production, respectively). 
Within the UK, the grouts used for the treatment of (some) low- and (the large majority 
of) intermediate level waste (LLW and ILW) are produced from a combination of OPC 
and slag. Since slag has a close chemical composition to OPC; much more so than fly 
ash or natural pozzolans, (see Figure 2-2) it is possible to replace a high portion of the 
powder fraction in this way. There are a number of reasons as to why this is 
advantageous, many of which will be covered in Section 2.1.2.1. 
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Figure 2-2: CaO-Al2O3-SiO2 ternary diagram of cementitious materials (Lothenbach et 
al., 2011) 
 
2.1.2.1 Blastfurnace slag (BFS) 
 
Slag is an industrial by-product formed within a blast-furnace during the production of 
pig iron. For each tonne of iron yielded, roughly 300 kg of slag is produced (Neville, 
1997). International pig iron production for 2015 was 1.18 billion tonnes (U S Geological 
Survey, 2016); suggesting the potential for the production of roughly 350 million tonnes 
of slag annually.  
The process of producing pig iron involves combining virgin iron ore, which is high in 
iron oxides and contains some impurities in the form of silica and alumina; with a fuel 
source and reducing agent, coke, and a fluxing agent, which is typically a mixture of 
limestone and dolomite.  
UK pig iron production was relatively conservative at around 9 million tonnes for 2015 
and is only set to reduce further in the coming years due to closure of a number of blast-
furnaces. This comes as a result of a changing economic climate as prices of steel 
continue to drop due to over-production in the Chinese market (BBC, 2015) and a 
general oversaturation of the market that shows no sign of abating. 
At temperatures approaching 1500°C within the kiln, the mixture is molten; the iron ore 
is reduced to iron and the impurities combine with the flux to form the molten slag. Due 
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to the disparity in density, the slag rises to the top of the blast-furnace from where it is 
removed before being quenched rapidly via spraying with high pressure water. The 
result is an amorphous granulated material with a glass content typically in excess of 
90% (Moranville-Regourd, 1998). 
Not all slag is quenched to form an amorphous hydraulic material; in many cases it is 
allowed to cool naturally, since this is a cheaper and simpler alternative for many steel 
producers. The resultant material is not suitable as an SCM but is often used as a 
lightweight aggregate. Whilst not all slag is ultimately utilised within cementitious 
materials, it is still the most abundantly available SCM both in the UK and globally.  
In the UK, BFS must conform to specifications set out in the associated British Standard, 
BS EN 197-1 (BSI, 2011); the most pertinent of which are: 
  
(𝐶𝑎𝑂+𝑀𝑔𝑂)
𝑆𝑖𝑂2
≥ 1 
 More than 
2
3
 (by mass) of the slag must be amorphous and exhibit hydraulic 
properties upon activation 
 The CaO, SiO2 and MgO content combined should exceed 
2
3
 (by mass) of the 
slag. 
Further factors, including physical properties such as particle size distribution and 
specific surface area play an important role in governing both rheological properties and 
characteristics of the hardened hydrated cementitious matrix. BS EN 197-1 does, 
however, not include limits for these parameters. 
 
2.1.2.1.1 Composition and impact upon hydration 
 
The chemical composition of the resultant slag can vary over a relatively wide range 
(Figure 2-2) due to disparities in ore sources, flux composition, coke consumption, 
furnace design and type of iron being smelted. Slag is a glassy material, comprised 
largely of CaO, SiO2, Al2O3 and MgO; often with small quantities of SO3, Fe2O3 and 
MnO. 
Literature suggests, (Taylor, 1997, Lang, 2002) that whilst there may exist large 
compositional variability on an international level, the disparity in chemistry of slags 
produced in the UK generally tend to fall within a smaller envelope, see Table 2-1.  
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Table 2-1: Typical ranges of slag composition (%), modified from Lang (2002) 
 Oxide phase UK (%) USA (%) 
CaO 39.9-40.5 29-42 
SiO2 35.2-37 32-40 
Al2O3 11-13.1 7-17 
MgO 8.3-8.8 8-19 
S 0.9-1.1 0.7-2.2 
Na2O+K2O 0.5-0.7 - 
Mn 0.28-0.35 0.2-1 
 
XRF data providing the oxide composition of the slag powders, as well as the OPC 
powders, used within this study are given in Table 3-1. From comparing the composition 
of the materials in the present study with the typical figures of Lang (2002) it is possible 
to notice that there appears to be something of a trend towards a slightly higher CaO 
content with Al2O3 contents being in decline. 
Section 2.1.1.2 provides a detailed explanation of hydration of OPC as a pure system. 
Within a blended material the hydration of OPC and slag occur concurrently but at 
varying rates. Since slag is latently hydraulic, it will react with water and hydrate, 
eventually, leading the grout to set and begin to harden. In practice, this process is far 
too slow to be feasible for any construction application; it is therefore essential to activate 
slag hydration within an alkaline medium. This may be achieved via the route of 
geopolymerisation (Duxson et al., 2006, Provis and Van Deventer, 2009, Van Deventer 
et al., 2012) or more commonly, as in the materials investigated in the present study, 
through blending with OPC. 
Understanding and quantifying hydration of composite systems is challenging due to the 
fact that both the OPC and the slag (and/or other SCM) hydrate concomitantly and 
impact upon the hydration of one another. The presence of an SCM within a composite 
cement is known to accelerate the hydration of the OPC through what is known as the 
filler effect (Berodier and Scrivener, 2014, Berodier, 2015, Ogawa et al., 1980). This 
effect is thought to be due to a combination of factors; namely that the SCM increases 
shearing through reducing the inter-particle distance and hence decrease the diffusion 
path of chemical species (Berodier and Scrivener, 2014): and a dilution effect (Scrivener 
et al., 2015b) whereby the water: OPC ratio is increased (significantly in composites 
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such as those within the present study, which incorporate high levels of replacement by 
slag), resulting in relatively more space within the hydrating matrix into which the OPC 
hydrates may grow (Berodier and Scrivener, 2015). A further aspect of the filler effect 
which is only really significant when using much finer SCMs (such as silica fume) is the 
provision of extra nucleation sites to promote early hydration (Rossen, 2014, Korpa et 
al., 2008). 
The work of Berodier (2015) not only highlighted the enhanced early to mid-age 
hydration (first 28 days) of OPC in the presence of an SCM (Scrivener et al., 2015b); it 
also elucidated the absence of hydration of the SCM itself (both slag and PFA) within 
the first 24 hours (2015). This lack of early hydration is likely due largely to the 
comparatively lower reactivity of the slag in comparison to OPC. Furthermore, the 
conditions within the hydrating matrix during these early stages are not optimal for slag 
hydration, since a more alkaline environment is required to promote and accelerate this 
reaction. This increase in alkalinity occurs as a result of dissolution of alkaline species 
from the OPC and the formation of CH from OPC hydration. The presence of CH is 
further beneficial as it is destabilised and ‘consumed’ via the hydration of the slag 
(Lothenbach et al., 2011). This effect is more pronounced at higher levels of 
replacement, as is the case within the present study. Moreover, slag loading has an 
impact upon the rate and degree of reaction, with slightly more slag having been found 
to react in a given time at lower replacement levels (Taylor et al., 2010, Whittaker, 2014). 
Given the comparatively higher Al2O3 content, and lower CaO content of slag in relation 
to OPC it is not surprising that composite cements display a lower Ca/Si ratio in the C-
S-H than neat Portland cement pastes (Chen and Brouwers, 2006). This is coupled with 
an increase in the Al/Ca ratio, with both ratios following a linear trend with increasing 
slag content within the matrix (Richardson, 2000). 
In addition to the changes induced upon the C-S-H within the hydrated paste, there are 
a number of other modifications to the phase assemblages and hydrates that are formed 
through replacing a fraction of the OPC with slag. Much work in the field of 
thermodynamic modelling has been performed in this regard (Whittaker et al., 2014, 
Lothenbach et al., 2012, De Weerdt et al., 2011, Ben Haha et al., 2012); and the most 
effective way to represent the (predicted) changes induced through increasing slag 
loading is to plot composition against slag content, see Figure 2-3 (Lothenbach et al., 
2011). 
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Figure 2-3: Modelled changes in hydrates formed within an OPC: slag blended 
system, with materials of typical composition and assuming 75% hydration of the slag 
component (Lothenbach et al., 2011). 
 
These predicted changes to composition are largely in agreement with observed 
experimental results (Pane and Hansen, 2005, Escalante et al., 2001, Codina et al., 
2008). The increased Al content of the composite cement brought about by an 
increasing slag content is incorporated into the main binding phase, C-(A-)S-H as well 
as hydrotalcite. 
Given the amorphous nature of these hydrated phases it is very difficult to fully quantify 
their exact chemistry and composition. As a result, there remain gaps in knowledge, 
despite over half a century of research (Myers, 2015).   
The chemical changes induced through replacement by slag are clearly illustrated in 
Figure 2-3; the ramifications of which should be clearly understood and planned for in 
the preparation of waste packages, as well as more generally in other applications. 
Coupled with these changes to the internal chemistry and phase assemblage are the 
physical changes that occur within the hydrating grout matrix.  
Richardson and Groves (1992) identified changes in the morphology of the C-S-H as a 
result of replacement by slag; showing that the outer product (OP) C-S-H tends from a 
fibrillar to a ‘foil-like’ morphology as slag loading is increased. One benefit of this shift in 
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microstructural development is a more finely distributed porosity as coarse capillary 
pores are filled with hydrates, reducing interconnectivity and likely contributing to 
reduced rates of diffusion of ionic species (Page et al., 1981). 
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2.2 Treatment and disposal technologies for nuclear waste 
 
Within the UK, government policy for the final disposal of higher activity wastes is within 
a deep geological facility (NDA, 2010b) wherein there is the potential for retrievability 
(DECC, 2011). In the interim, until a suitable site is identified, licenced and constructed; 
wastes are to be pre-conditioned and maintained in safe and secure storage. 
There exists a wide range of waste streams within the UK, all requiring disposal (with 
many requiring pre-conditioning, pre-treatment or encapsulation). Given the large 
disparity in compositions, volumes and activity levels, it is necessary to define a number 
of classifications of waste in order to begin to identify the most suitable and effective 
route to treatment for each waste stream. 
A long and varied history of nuclear power in the UK carries with it a great deal of 
research and development, industrial changes, various reactor designs and an 
internationally significant reprocessing programme. One by-product of this 
development, in particular the reprocessing of spent fuel, has been the production of a 
large volume of highly variable waste streams.  
This variability in waste composition has necessitated the development and 
implementation of a wide range of treatment and encapsulation technologies. It has 
been suggested that the only way to tackle the range and scope of waste streams is 
through the application of a ‘toolbox’ of different treatment options and encapsulant 
formulations (Milestone et al., 2006).  
 
2.2.1 Classification of wastes and preferred routes to treatment 
 
The 2013 UK Radioactive Waste Inventory (NDA, 2013a) provides an overview of the 
scope of the challenge faced in dealing with the current stockpile, and future arisings, of 
radioactive waste. The report gives a breakdown of the different waste classifications 
and the preferred routes to treatment for each, with reference to the waste hierarchy and 
a brief description of the different treatment technologies currently being utilised for a 
wide range of waste streams. 
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2.2.1.1 Low level waste (LLW) 
 
The vast majority of waste covered within the UK inventory falls into the category of LLW 
(93.6% by volume); and of this, the bulk is classified as very low level waste (VLLW) 
(63.2% of total waste volume). This bulk waste accounts for less than 0.0001% of the 
total activity of all wastes covered within the inventory (NDA, 2013c). 
LLW is defined as ‘having a radioactive content not exceeding 4 GBq (gigabecquerels) 
per tonne of alpha (α), or 12 GBq per tonne of beta (𝛽) / gamma (γ)’ (NDA, 2010a). 
Waste streams falling into this category are managed by the low level waste repository 
(LLWR) near to Drigg in Cumbria, on behalf of the NDA, and by Dounreay Site 
Restoration Ltd. (DSRL) at the LLW vaults adjacent to the Dounreay site in the Scottish 
Highlands. 
A range of management options are implemented, mandated by a waste hierarchy 
(prevent > minimise > re-use > recycle > dispose) and include a number of intelligent 
solutions to reduce waste volume, including super-compaction and incineration of 
suitable waste streams. Certain high volume waste streams, consisting largely of slightly 
contaminated rubble, are, wherever possible, routed to permitted landfill sites rather 
than disposed of at the LLWR site (NDA, 2013a). 
 
2.2.1.2 Intermediate level waste (ILW) 
 
ILW is defined as ‘exceeding the upper boundaries of LLW, but not requiring heating to 
be taken into account in the design of storage or disposal facilities’ (NDA, 2010a) and 
accounts for 6.4% by volume of all wastes covered by the Radioactive Waste Inventory 
(roughly 290,000 m3). ILW accounts for roughly 5% of the total activity of all waste (NDA, 
2013c). 
Conditioning of ILW represents the greatest challenge in preparing the waste stockpile 
for storage and final placement within a geological facility, due largely to the extent of 
variability in the waste streams covered within this classification, see Figure 2-4.  
The preferred route to treatment for the large majority of wastes covered within this 
classification is encapsulation within a cementitious matrix (accounting for 83% of all 
ILW conditioned to date (NDA, 2013b). this technique is applicable to a wide range of 
waste compositions due to its versatility, the ease with which composition may be 
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augmented to suit any particular waste stream and the reliability with which the process 
can be performed (Utton and Godfrey, 2010).  
 
Figure 2-4: Composition of treated and untreated ILW streams within the UK waste 
inventory, modified from (NDA, 2013b) 
 
A further advantage of the application of these particular cementitious grouts is their 
expedient rheological, and in particular their flow, properties; which are maintained for a 
sufficiently long and reliable period of time (with a minimum flow value as determined 
via an industrially accepted test required to be achieved 2.5 hours after mixing) (Miller, 
2000). The resultant ability to pump the grout over long distances ensures that there is 
minimal contact between operatives and waste packages, negating many potential 
health and safety hazards posed by this potentially hazardous process. 
Limits on setting time (4-18 hours) (Miller, 2000) ensure that grout integrity is maintained, 
avoiding segregation or the formation of ‘bleed water’ on the top of a waste package, 
which would constitute a secondary waste stream. 
ILW is conditioned at a number of sites across the UK, including five plants at Sellafield 
site, one each at Dounreay and Harwell, and three at Trawsfynydd. All but one of these 
plants encapsulate waste with a cementitious grout (the exception being the resin 
solidification plant at Trawsfynydd which, until recent completion of all treatment at the 
site, used a polymer formulation to treat ion exchange materials). 
Of the nine remaining active plants, six condition wastes within 500 litre stainless steel 
drums (as illustrated in Figure 2-5), with waste at Trawsfynydd’s two remaining plants 
treated in 3m3 drums and large items at Sellafield immobilised within large concrete 
boxes. 
23 
 
 
 
 
Figure 2-5: Schematic of a generic conditioned ILW waste package within a 500L 
stainless steel drum (NDA, 2013d). 
 
In order to ensure consistency and conformity across all conditioned waste packages a 
standard procedure is applied. Firstly, the drum is fitted with a down pipe through which 
the grout will be introduced. The waste materials are then added, the volume of which 
is highly dependent upon the nature of the waste, but will typically be in the region of 
20-50% of the total conditioned volume (NDA, 2010a). A mesh cover is then fixed above 
the waste materials to minimise movement prior to placement of the encapsulating 
grout, whilst allowing space for a capping matrix to be later added and in certain 
instances an ullage space (Figure 2-5). 
The grout, which is normally a mixture of OPC and slag at a ratio of 1:3, but may be up 
to 1:9, is prepared. In certain cases, but much less frequently, grouts may be prepared 
with PFA rather than slag. The fluid grout is pumped to the waste filled drum and enters 
via the down pipe, thus minimising the potential for air to get trapped within the packaged 
waste matrix and maximising the contact between waste and grout. 
This protocol was developed by British Nuclear Fuels Ltd. (BNFL), who identified 9 
criteria which must be satisfied by these grouting systems and processes, as 
summarised below – 
 Adequate flow characteristics to penetrate the wastes and infill void space. 
 Ability to be pumped over extended periods without suffering segregation. 
 Remain workable for a minimum of 2.5 hours. 
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 Achieve ‘set’ within 24 hours and gain sufficient strength to allow transport at this 
time. 
 The peak temperature within a 500L drum should not exceed 100ᵒC. 
 The temperature profile across a 500L drum should not exceed 30ᵒC. 
 There should not be visible bleed water on the surface of the grout at 24 hours. 
 The grout should be chemically compatible with the waste and the container 
material. 
 Any materials used should not prejudice any of the options for eventual disposal. 
 
There are, understandably, tight limits on the composition of the materials used in the 
preparation of these grouting materials. These limits are, in fact, one of the key drivers 
behind the need for the research included within the current study. The combination of 
the minimal control that the nuclear industry has over the production and specification 
of the materials used for the production of these grouts, coupled with compositional 
limits both in terms of chemistry and physical properties, has resulted in a number of 
supply issues both historically and in the current climate. 
Whilst the process of treatment is well defined, a thorough understanding of the 
implications of changes to supply must be determined; further, new and developing 
techniques must be implemented to gain significant additional insight into the hydration 
of these grouts; to understand their engineering performance and resilience to 
deleterious environments. It is also essential that any potential threats to future supply 
are identified, with suitable mitigating options fully addressed and opportunities for 
improvements adequately explored. This underpinning in understanding coupled with 
efforts to futureproof supply are more important than ever given the current industrial 
uncertainties and significant changes taking place within the UK cement and steel 
industries. 
 
2.2.1.3 High level waste (HLW) 
 
HLW is produced as a result of reprocessing of spent nuclear fuel and is initially in the 
form of concentrated nitric acid. HLW accounts for 0.02% by mass of the UK nuclear 
waste inventory (NDA, 2013a) but contains roughly 95% of the total activity (NDA, 
2013c) and as a result generates significant heat. This heat must be taken into 
consideration for both the encapsulation technology applied, storage in the interim and 
design and implementation of a final disposal method (NDA, 2015). 
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The concentrated solution is mixed with crushed borosilicate glass and heated in a 
furnace to form a molten product. This vitrified material is then poured into 150 litre 
stainless steel canisters which are fitted with welded lids (NDA, 2016b) before being 
placed into air-cooled storage vessels where they are to remain for at least 50 years to 
allow for significant radioactive decay to occur, and hence less heat producing waste 
packages.  
Once a GDF has been constructed and is ready to receive both ILW and HLW, these 
canisters will be placed inside two further containers before being transported to the final 
disposal facility. 
 
2.2.2 Cementitious systems for ILW encapsulation 
 
As discussed in Section 2.2.1.2 the main route to treatment for ILW streams is 
encapsulation within a cement-based matrix. Historic research has provided a wealth of 
underpinning knowledge which suggests the suitability of cementitious materials for 
such an application (Atkins and Glasser, 1992, Glasser, 2001, Glasser, 1992, Wilding, 
1992, Ghattas et al., 1992, Faucon et al., 1998, Palmer and Fairhall, 1992, Gougar et 
al., 1996, Glasser and Atkins, 1994).  
The grouts generally used to encapsulate ILW here in the UK are a blend of OPC with 
slag, usually at a OPC: slag of 1:3, but occasionally with a ratio as high as 1:9 depending 
upon waste stream and waste package size, amongst other factors. As discussed in 
detail in Section 2.1.2.1, this significant replacement by slag provides a number of 
advantageous properties, both rheologically to the ‘wet’ grout and physically and 
chemically to the hardened grout matrix. 
In order to achieve these beneficial properties, it has historically been necessary to 
prepare grouts for ILW encapsulation with a coarser slag fraction than would typically 
be used in a construction application. This has the effect of ensuring good rheological 
properties (i.e. good flow whilst ensuring no segregation or bleeding) whilst also allowing 
for a low water/binder ratio (w/b) to be achieved (typically 0.35, but possibly ± 0.02 of 
this, depending on the waste stream being treated).  
In more recent years, and as a result of continued significant issues with supply, the slag 
component changed to a blended material (with bimodal particle size distribution, see 
Figure 3-2 S1f and S1c), whereby a slag with physical properties that would typically be 
seen in construction applications, has been blended at a ratio of 65:35 with a much 
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coarser material. This blending has had the effect of maintaining the rheological 
properties of the grouts without necessitating an increase in water content. Until now, 
no study into the impact that this shift in composition has upon hydration and engineering 
performance has been made. 
Understanding and quantifying the reactions and interactions occurring between these 
complex and dynamic composite systems and waste species incorporated into them is 
challenging. This difficulty is compounded further by the hazardous nature of active 
wastes, which has had a significant impact upon the number of laboratory-based 
experiments incorporating any of these radioactive materials. The lack of cross-
disciplinary knowledge and experience with such problems, applications and techniques 
means that there exists something of a paucity of overarching relevant literature. 
Valuable data on certain specific species-waste interactions have been contributed to 
by research in the fields of toxic and hazardous waste stabilisation/solidification. 
The uniqueness of the chemical environment within a hydrating composite cement 
system means that whilst some data exists, the complete picture of performance with 
regards all potential radioactive waste species interactions remains unclear. As Glasser 
(2011) puts it ‘we are as yet some way from having a complete quantitative 
understanding of the various mechanisms involved.’ 
 
2.2.2.1 Grout/waste interactions 
 
A combination of chemical and physical interactions between grouting matrix and 
encapsulated waste contribute, amongst a range of other factors, towards the 
immobilisation potential of a treated waste package. There are a number of factors which 
contribute towards these ‘chemical interactions’, which will become the dominating 
factors in mitigating or minimising release of waste species as time progresses (Glasser, 
1992) and degradation of conditioned, stored waste packages inevitably proceeds. 
Table 2-2 provides an overview of the main mechanisms by which radioactive species 
are immobilised, or have significantly reduced solubility and/or mobility within a 
cemented waste package. Examples are provided for each of the mechanisms, however 
owing to the complexity of the vast majority of ILW streams, the presence of a range of 
radioactive species will undoubtedly result in a combination of all mechanisms occurring 
concurrently at different rates and to various extents within any one treated waste drum. 
For the purpose of clarity, a brief explanation is provided or each individual mechanism 
in Section 2.2.2.2. 
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Table 2-2: Reactions between cementitious grout and radwaste species, from 
(Glasser, 2011). 
Binding mechanism Characteristic features and comments 
Sorption 
Characteristically encountered at low 
species concentration but with low capacity. 
High surface area C-S-H is the main source 
of sorption for cesium 
Structural substitution (radwaste 
substitution competitive for sites) 
Crystalline components of cement offer 
potential anion and cation sites for uptake of 
radioactive species, e.g. chlorides in AFm, 
nickel in hydrotalcite-like phase, etc. 
Characteristic phase formation 
(radwaste species essential)  
Ca-U-OH is the ideal ‘characteristic’ phase 
for uranium and, similarly, CaSn(OH)6 for tin 
Oxy/hydroxyl precipitates 
Often metastable and short-lived, e.g. 
Cr(OH)3. Difficult to identify on account of 
low crystallinity 
Mixed mechanisms 
Combinations of the above, often 
concentration-dependent 
 
The chemical immobilisation potential of cementitious grouts shows a large variation 
across different waste species dependent on electronic configuration; where generally 
speaking, multivalent cations are more readily incorporated than monovalent cations, 
with anionic species showing a high degree of variability. This disparity in performance 
is further complicated by both speciation and oxidation state, which may have additional 
ramifications upon the mobility of a specific element within a conditioned waste package. 
Continuous progress is being made in furthering knowledge and understanding of 
sorption processes and other binding mechanisms within cementitious materials. This 
advancement is reflected in the numerous journal papers published on the subject and 
the subsequent review articles collating the state of knowledge at the time of publication 
(Bradbury and Van Loon, 1997, Wieland et al., 2003, Evans, 2008). 
For a thorough understanding of the current state of knowledge and progress on the 
subject, the publications of Glasser cited herein and the most recent review article of 
Evans (2008) provide an excellent starting point. 
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2.2.2.2 Binding of waste species 
 
Sorption is the overarching term for a number of processes occurring within a 
conditioned waste package, including absorption, physical adsorption and chemical 
adsorption. Additionally, physical adsorption may be further sub-divided into surface 
complexation, ion exchange and ‘other mechanisms’, namely formation of solid-
solutions and coprecipitation (Evans, 2008).  
The source of much of the sorption potential of the hydrated cement paste is the high 
volume of C-S-H within the system, due to its amorphous nanoporous structure and very 
high effective surface area. Whilst the structure of C-S-H is not known for certain, it is 
believed to consist of very small ‘gel’ platelets (10-20nm) (Glasser, 2011); this 
composition lends itself well to a range of non-specific mechanisms of incorporation.  
Of the crystalline phases formed upon hydration of OPC or composites thereof, 
Portlandite does not provide scope for sorption or incorporation chemically. The high pH 
buffering capacity it provides does, however, promote other mechanisms of 
immobilisation. Research suggests that AFm, AFt, hydrotalcite and hydrogarnet (when 
present within a hydrated system) provide potential ‘sorbing’ surfaces for dissolved 
radionuclides (Wieland et al., 2003, Ochs et al., 2015). Glasser (2011) defines this 
interaction as a structural substitution, distinct from the sorptive interaction occurring 
between the C-S-H and radionuclides in solution. 
Cationic species may also bind through precipitation as either an amorphous oxide or 
hydroxide (Hf and Th for example) but are predicted to be thermodynamically unstable. 
Precipitation may occur as a result of reaction with one or more of the constituent phases 
of the cementing grout, it is predicted that these precipitates are metastable and are 
likely to react further either to form crystalline phases or to substitute into crystalline 
hydrates (AFm, and possibly AFt). In all instances, the precipitation and stability of the 
phases formed are dependent upon a number of factors, including, but not limited to; 
temperature, concentration and cement (and SCM/additive) composition. 
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2.2.2.3 Deterioration considerations of cementitious matrices in GDF service 
environments 
 
Cementitious grouts are currently used to condition much of the UK ILW inventory as a 
means of providing a primary barrier to release of radioactive species. It is envisaged 
that much of the infrastructure of the final geological disposal facility (GDF) will also be 
constructed from OPC based materials and sealed/infilled with similar materials (IAEA, 
2009, Crossland and Vines, 2001). 
With cementitious materials playing such an integral role in both the treatment of ILW 
and storage/disposal of ILW and HLW, it is imperative that there exists a clear and 
thorough appreciation of the long-term performance of waste packages, and the deep 
geological facility in which they’re stored.  
There exists very little research investigating samples at very late age. The rapid 
evolution and constant changes in the composition of both clinker and SCMs makes the 
task of undertaking analysis on mature, well developed grouts, mortars and concretes 
yet more difficult. Quantifying and understanding performance within realistic service 
environments provides a further challenge. Two approaches are often applied in 
scenarios where it is not possible to feasibly determine long-term performance; 
accelerated testing and modelling. 
Accelerated testing by means of exposure to elevated levels of deleterious species 
(CO2, sulphates, chloride environments etc.) is a popular technique for gaining 
significant insight into potential performance within service scenarios (Papadakis, 2000, 
Roy et al., 1999, De Ceukelaire and Van Nieuwenburg, 1993). Many tests have made 
use of electrical potential or electrochemical methods to enhance or accelerate 
deterioration (Saito and Deguchi, 2000, Saito et al., 1992, Sugiyama et al., 2010b) with 
varying degrees of success. 
Modelling of hydration, deterioration and transport properties provides a powerful tool in 
understanding performance, but it is imperative that models are based upon, and 
validated by, experimental results with rigorous testing conducted. Modelling accounts 
for a large portion of research into cementitious materials and is becoming an 
increasingly powerful tool, with improving computing power leading to great progress 
(Kamali et al., 2003, Yang et al., 2015). 
A thorough understanding of performance and deterioration within a GDF over very long 
timescales is highly challenging and multi-faceted. Reference to findings from both 
accelerated testing and modelling provide useful insights into predicted performance. It 
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should, however, be borne in mind that there are a number of drawbacks with each 
approach. 
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2.3 Microstructural development and durability considerations 
 
Hydration, microstructure and durability are intimately linked. A clear understanding of 
these relationships is crucial in determining the suitability of conditioned wastes for their 
intended disposal scenario. Whilst it is clear that internal chemistry becomes the key 
governing factor at very late ages, a strong appreciation of microstructural development 
and the impact that it has on durability is vital in ensuring waste package integrity for the 
envisaged extended storage scenarios, and to ensure resilience during transport and 
the early stages following placement within a GDF. 
It is intended for a GDF to be constructed, filled and closed; with inbuilt retrievability but 
essentially the intention of never disturbing nor interacting with the wastes again. It is 
essential, therefore, that a high degree of confidence is developed in the long-term 
performance of both the waste packages and the repository as a whole. 
Since it is not practical nor feasible to conduct field trials of any meaningful length of 
time, in relation to the intended design life of a GDF; a thorough understanding of the 
development of the cementitious grouting materials, on a microscopic scale, is required 
to give insight into predicted long-term performance.  
 
2.3.1 Techniques to probe microstructure in two and three-dimensions 
 
Elucidation of the microstructural development of cementitious materials has been a 
topic of scientific interest for a number of years, made ever more pertinent by the key 
role it plays in determining permeability and hence durability of cement-based structures 
and/or waste forms. There exists a wealth of techniques which have been applied in 
efforts to shed light on the pore spaces of hydrated cement pastes, grouts, mortars and 
concretes with varying degrees of success.  
With all techniques there are advantages and limitations; some of these shortcomings 
relate to the extrapolation from two dimensions to three; a large majority of techniques 
require sample pre-treatment which is likely to introduce errors or have an adverse effect 
upon the fragile hydrates and microstructural features of a specimen and further 
techniques have limits to resolution which restrict their applicability. 
It is particularly challenging to provide insight into the features and characteristics of a 
complete pore network since the length scales of all pores within a hydrating 
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cementitious material cover several orders of magnitude, from  1nm to  1mm (Stauffer 
and Aharony, 1994). Accurately identifying very small pores becomes increasingly 
challenging as the limits of resolution of each technique are reached, confidently 
defining pore space from solid material too becomes more and more difficult at very low 
length scales. 
The following represent the most commonly applied and emerging techniques for this 
specific purpose; a clear understanding of the strengths and weaknesses of each allows 
for the selection of the most appropriate method for a given application. Clearly, as is 
the case in many previous studies, a combination of the following techniques is required 
to give sufficient and meaningful details of the microstructural development of a sample 
or group of samples. 
It should be noted here that the first two techniques discussed below have not been 
applied within this study. It was felt that an understanding of each, including their 
strengths and weaknesses, previous applications and links to other techniques, provides 
an essential starting point for appreciating the current landscape and the ways in which 
probing and understanding microstructural development may be advanced. Further, 
since both techniques have been historically fairly ubiquitous within this area of 
research, to omit them would be to overlook a great deal of underpinning fundamental 
research. 
 
2.3.1.1 Mercury intrusion porosimetry (MIP) 
 
Intrusion of mercury or other non-wetting materials, such as Woods’ metal, is one of the 
most commonly applied techniques for investigating the pore network and pore size 
distributions of cementitious materials. First applied by Winslow and Diamond (1969), 
the method has been used extensively to elucidate the porosity of cementitious 
materials ever since (Abell et al., 1999, Winslow, 1984, Winslow et al., 1994). When 
applying this technique, mercury is able to intrude pores down to roughly 2 nm in 
diameter (Aligizaki, 2005) and up to a maximum diameter of around 100 µm. 
In recent years, application of MIP has diminished slightly since it was shown to be 
largely inappropriate for analysing cement-based systems by one of the original 
advocates for its use (Diamond, 2000). MIP is limited by a number of factors; firstly, it 
assumes a cylindrical pore geometry (Willis et al., 1998) and secondly it is affected by 
an ‘ink-bottle effect’ (Moro and Böhni, 2002) in which it may underestimate total pore 
volume by limitations associated to the entry throats of large pores. A further issue with 
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MIP is the necessity for samples to be preconditioned prior to analysis and the 
subsequent errors that both drying technique and applied parameters may have upon 
results (Gallé, 2001). 
MIP has been used to analyse cementitious grouts as used for ILW encapsulation in a 
number of previous studies (Collier et al., 2008, Collier et al., 2009b, Gorce and 
Milestone, 2007) with varying success. As a supplementary technique it is able to 
provide a range of interesting results, such as providing an accurate insight into the 
pore-size distribution within samples when applying the pressurization-depressurization 
cycling method (Zhou et al., 2010) which has been shown to give results in line with 
other applied test methods (Kaufmann et al., 2009). 
 
2.3.1.2 Nitrogen or water sorption (BET method) 
 
A further technique which has been used extensively to probe the pore structures within 
cementitious materials is that of sorption with one of two common adsorbates (nitrogen 
and water vapour), based upon the BET method (Brunauer et al., 1938). Again, there 
exists a great deal of controversy surrounding the application of this technique (Rarick 
et al., 1995) for the purpose of analysing pore structures within cement-based materials 
(Juenger and Jennings, 2001). 
The BET method is capable of providing data on pores in the region of 0.3-300 nm (Zhou 
et al., 2010) and information on the specific surface area of hydrates within a system. 
Previous investigations have shown that adsorption of water vapour gives consistently 
higher values of porosity than does N2 (Odler, 2003); a full understanding of the causes 
of this are as yet still unclear. Some researchers suggest that since H2O molecules are 
smaller than N2 molecules, they are able to access smaller pore openings (Brunauer et 
al., 1967); however there is also the belief that water vapour may be interacting with the 
C-S-H of the hydrated sample (Juenger and Jennings, 2001). 
As with MIP, samples must be pre-conditioned before they can be analysed via the BET 
method. Similarly, the drying method employed has been shown to have a significant 
impact upon the calculated properties (Snoeck et al., 2014, Zhang and Scherer, 2011) 
and as such it is very difficult to compare results across different studies unless the exact 
same drying technique and protocol has been employed. 
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2.3.1.3 Scanning electron microscopy (SEM) 
 
SEM is one of the most versatile techniques for the analysis of cementitious materials 
and is most often performed in backscattered mode (SEM-BSE) on flat polished 
samples (Scrivener, 2004). High magnification, monochromatic images can be obtained 
of either topological features (in secondary electron mode); or more commonly, to 
provide information on composition (Goldstein et al., 2012). Compositional information 
can then be coupled with energy dispersive x-ray (EDX) data to determine degree and 
rate of hydration of different phases present within samples. 
The method has the benefit of allowing for reproducible results to be obtained and for 
representative areas of samples to be analysed; however, the necessity of sample pre-
drying and the limitations of observing samples in only two dimensions must not be 
overlooked. 
It is generally agreed (Collier et al., 2008, Hearn and Hooton, 1992, Scrivener et al., 
2016) that solvent replacement represents the least damaging option for water removal 
for samples prepared for SEM-BSE and the other techniques discussed here; however 
other techniques may also be suitable in certain cases. 
The issue of extrapolation from two to three dimensions, as is the case for this technique 
is best explained with reference to the following figure (Scrivener, 2004). Where –  
a.) It is very unlikely that the analysed section will pass through the centre of a 
particle or pore, exaggerating hydrate phases in relation to anhydrous material. 
b.) The calculated pore size distribution will be underestimated since this 2D 
representation will be skewed towards smaller sections of larger pores. 
c.) It is not possible to determine interconnectivity of pores and pore networks, since 
pores which are in fact connected may appear not to be when viewed in two 
dimensions. 
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Figure 2-6: Limitations of extrapolation from two to three dimensions with respect to 
feature sizes and interconnectivity (Scrivener, 2004) 
 
Further to gaining insight into porosity and microstructural development, SEM-BSE 
coupled with EDX analysis may be used to determine degree of hydration of OPC and 
SCMs within composite cement systems (Scrivener et al., 2015b) as discussed in more 
detail in Section 3.3.7. 
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2.3.1.4 X-ray micro-computed tomography (X-µCT) 
 
More recently, the use of X-µCT has gained significant popularity as a viable technique 
for probing the microstructural development of cement-based materials (Maire and 
Withers, 2014). Perhaps one of the earliest examples of the application of X-µCT for 
analysis of microstructural development of hydrating cementitious materials is in the 
work of Helfen et al. (2005). Whilst there are clearly limitations to the technique of X-
µCT, it is the only method included herein where sample preparation is not required and 
non-destructive analysis is performed, thus providing the scope for the same sample to 
be analysed multiple times to follow continued hydration and development of the internal 
microstructure. 
The vast majority of early X-µCT analysis was performed at specialist synchrotron 
facilities (Gallucci et al., 2007, Beckmann et al., 2007, Promentilla et al., 2008, 
Promentilla et al., 2009, Sugiyama et al., 2010b); however, more recently with continued 
developments and improvements, lab-scale equipment is becoming increasingly 
popular and is able to offer a much simpler and cost effective alternative (Bossa et al., 
2015, Zhang et al., 2012) capable of achieving sub-micron resolution is certain cases. 
Development of subsequent post-processing analysis tools and programs has allowed 
for quantifiable results to be obtained relating to the inter-connectivity and tortuosity of 
pore networks within analysed samples (Nakashima and Watanabe, 2002, Watanabe 
and Nakashima, 2002, Nakashima et al., 2004, Nakashima and Kamiya, 2007, 
Nakashima et al., 2008).  
Clearly there are a number of limitations to the application of X-µCT, as is the case for 
all techniques. A key limitation with current lab-based systems relates to resolution, 
which is generally a factor of sample size, with typical maximum resolution roughly in 
the region of sample size/4000 (e.g. a resolution of roughly 2.5 µm could be expected 
for a sample of diameter 10mm when using a lab-based machine).  
A further challenge when analysing samples via X-µCT is the difficulty surrounding 
thresholding and segmentation (Provis et al., 2012, Promentilla et al., 2007, Promentilla 
et al., 2008). Accurately identifying which areas within a sample, or more commonly a 
smaller representative region of interest, represent pore space and which are associated 
with solids (both anhydrous material and hydration products) can be very difficult given 
the resolution limits of most CT systems in relation to the size of the features within a 
hydrating cement-based matrix. 
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2.3.2 Techniques to follow degree of hydration of SCMs 
 
It is essential to understand the extent of reaction of the SCM within a composite cement 
irrespective of application. A confident assessment of performance within a given 
service environment and accurate lifetime predictions are impossible without a thorough 
understanding of reaction and hydration; all of which becomes more important in the 
case of grouting matrices for nuclear wastes given both the potential hazard posed and 
the timescales involved. 
Accurately determining the rate and degree of reaction/hydration of SCMs is challenging 
for a number of reasons. Firstly, there is the interaction between the SCM and the 
ground clinker component, the so called ‘filler effect’ which was discussed in more detail 
in Section 2.1.2 (Berodier and Scrivener, 2014). Secondly, the amorphous nature of 
most SCMs make them very difficult to quantify via classical techniques, XRD for 
example. Finally, reaction of SCMs can vary greatly from composite cement systems to 
geopolymer or alkali activated systems, meaning that simplification or comparisons are 
not possible. 
The recent paper of Scrivener et al. (2015b) provides an excellent overview of the key 
direct and indirect techniques which may be applied to measure or follow SCM 
hydration. In the interest of brevity and pertinence, the following literature review will 
focus upon the application of techniques for following the hydration of slag within 
composite cement systems. For a broader introduction to the different methods available 
for a range of SCMs, the aforementioned paper is highly recommended. 
 
2.3.2.1 Direct methods 
 
There exist four methods which may be applied to directly determine degree of SCM 
hydration; selective dissolution, BSE image analysis, XRD coupled with Rietveld 
analysis or the PONKCS method and NMR. Of the four, only one has been applied 
within the work presented here.  
Application of selective dissolution (EDTA method) was considered but later dismissed, 
owing to the number of inherent flaws, uncertainties and the necessity of ‘corrections’ to 
obtain accurate results. The work of Kocaba (2010) highlighted the difficulties with this 
technique, and whilst it has been used for a large number of historic studies (Luke and 
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Glasser, 1987, Goguel, 1995, Lumley et al., 1996) it has been shown to be inferior to 
the other methods available. 
Application of BSE image analysis has become an increasingly popular technique over 
recent years (Kocaba, 2010, Feng et al., 2004, Kolani et al., 2012, Utton, 2006, Gruyaert, 
2011, Whittaker, 2014), especially with the improvements that have been made in the 
quality and speed of EDX mapping potential. This technique has been applied within the 
present study, with more information of the acquisition of images and elemental maps, 
as well as analysis, provided in Section 3.3.7. 
Analysis of XRD patterns with the application of the partial or no known crystal structure 
(PONKCS) method has been utilised recently with slag blended cement systems 
(Snellings et al., 2014b). Results in this study were of good accuracy, however the 
technique is complex and specialist owing to complete overlap of the broad ‘humps’ 
produced as a result of diffuse scattering caused by the anhydrous slag and the C-S-H 
phase.  
The final direct technique which may be applied in determining SCM degree of hydration 
is solid-state nuclear magnetic resonance (NMR) (Skibsted et al., 2007). This technique 
appears to give results which are consistent with other, indirect, approaches however it 
is relatively challenging when dealing with slag since there may be overlap of peaks with 
clinker phases (Scrivener et al., 2015b). Since access to NMR facilities was not as 
readily available as that of high quality SEM, it was not utilised in the present study. 
 
2.3.2.2 Indirect methods 
 
Determining rate and degree of hydration of an SCM within a composite cement system 
via any of the available indirect methods requires inference based upon hypotheses. It 
is therefore essential that these hypotheses, as well as the method itself, are as accurate 
and as true as possible. It is also crucial to have an understanding and appreciation of 
the interactions between the SCM and the clinker phases during hydration; including 
acceleration of reaction of the clinker phases due to ‘filler effect’ and changes to the 
composition of the C-S-H as a result of replacement. Accuracy in assumed composition 
of hydrates, in particular C-S-H, is essential since any errors will be magnified at high 
levels of replacement and at higher degrees of SCM hydration. 
Two methods, chemical shrinkage and calorimetry, can be seen to lie within a grey area 
somewhere between direct and indirect. The methodologies for each are described in 
detail in Sections 3.3.2 and 3.3.3 respectively and have both been successfully applied 
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in previous studies (Kocaba, 2010, Kocaba et al., 2012, Whittaker, 2014, Berodier, 
2015). To ensure accuracy with each technique it is essential that a suitable inert filler 
is used – typically quartz of a matching particle size distribution (PSD); thus 
guaranteeing that hydration due to filler effect is precisely accounted for. 
Further challenges of the calorimetry approach are related to the very low heat evolution 
of samples at later ages; in order to mitigate against these potential errors, it is essential 
that suitable and accurate reference samples are used and that the machine is precisely 
calibrated and has a stable baseline. Since there appears to be no definitive enthalpy 
value for slag, nor an agreed upon method to calculate it (Scrivener et al., 2015b), as a 
result it is necessary to corroborate results with those obtained via a direct method 
(usually SEM image analysis). An additional consideration is the disparity in the effects 
of kinetics on the aluminate phase, since there is often a disparity in the interaction of 
slag with this phase in relation to quartz. 
The work of Whittaker (2014) suggested that this reaction and the associated ‘hump’ 
from this interaction has no impact upon the validity of results at later age. This has been 
corroborated in an unpublished study carried out by Nanocem as part of an internal 
project (Myers et al., 2011). 
Chemical shrinkage, as determined via dilatometry has been applied to cementitious 
systems for many years, almost exclusively based on the methodology developed by 
Geiker (1983). In recent years, technological advancements have allowed for accurate 
and stable results to be easily and consistently obtained (Costoya, 2008, Kocaba, 2010, 
Whittaker, 2014, Berodier, 2015). As with all techniques, there are a number of potential 
pitfalls which must be overcome, with precision and care required in sample preparation. 
Maintaining sample size and sample dimensions, as well as avoiding leakage within 
prepared samples is essential in ensuring accuracy; as is ensuring temperature stability 
within the system, with this factor becoming more pronounced with increasing levels of 
replacement by slag. 
Preliminary testing of this technique, coupled with replicating previous testing showed 
the repeatability of the method. Whilst there are uncertainties with the specific volumes 
and stoichiometry of many of the hydrates present within the systems, particularly C-S-
H (Scrivener et al., 2015b); this method is an accurate and inexpensive way of following 
hydration. 
Two further methods using results from thermogravimetric analysis may be applied to 
provide an estimate of degree of SCM reaction; measurement of bound water content 
or Portlandite content. The bound water method is widely used to provide insight into 
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degree of hydration within plain Portland cement paste samples. The suitability of this 
technique is significantly reduced within composite systems owing to the increased 
complexity of the systems and the inability to separate the water bound due to the 
hydration of the clinker component and the contribution of bound water due to hydration 
of the SCM component. Whilst this technique is unsuitable for providing quantitative 
results, it is a very rapid and simple method of comparing hydration in a qualitative 
manner, to highlight the presence or otherwise of continued hydration, especially at later 
age. 
Reference to portlandite content, which can be determined via thermal analysis, is often 
used as a comparative method to follow continued hydration of SCMs, based on the 
work of Pane and Hansen (2005). There are issues associated with this technique, 
including those surrounding the filler effect, the induced changes to C-S-H composition 
associated with replacement and the potential formation of other hydrates, such as 
hemicarbonate or strätlingite. Nevertheless, this technique provides a very simple 
comparison across samples, so long as its limitations are well understood and 
accounted for. 
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2.4 Previous studies involving grouts for ILW encapsulation 
 
Research into grouting formulations and specifications began in earnest in the mid-
1980s after the official decision had been made to proceed with cementation as the 
primary route to treatment of intermediate level waste streams (Elsden, 1984). 
Industrially, much research and development was conducted internally, primarily at the 
Sellafield site, with very little published in the public domain.  
The small number of book sections (Heafield and Fairhall, 1987), journal papers (Fairhall 
and Palmer, 1987) and, no-longer classified, industrial documents (Fairhall et al., 1985) 
show that the current specification does not deviate significantly from these originally 
developed formulations, nor have the specification limits on the chemical and physical 
composition of the clinker and slag components of the grouting materials changed over 
this time.  
The one significant change relates to the inclusion of a fraction of a much coarser 
material, Calumite (constituting 35% of the slag fraction) into the current and legacy 
specification. This change was implemented when it was no longer possible to obtain 
slag that met the original specification, a result of plant closures and issues with 
continuity of supply. 
A very interesting paper published more recently (Angus et al., 2010), provides some 
insight into the supply challenges that have been faced in the decades since the grouting 
specifications were developed; and the ways in which they have historically been 
addressed. Of note is that the issues discussed (namely supply of slag) have caused 
continuing and increasing problems in the years following this publication. Both slag and 
clinker supply have been changed in previous years and there are further concerns 
surrounding future slag supply given the volatility and uncertainty in the national and 
global markets. 
Research into cementation of ILW is relatively disjointed; owing to a number of factors, 
including the numerous changes that have occurred within the nuclear industry over the 
years and the sensitivity of the research matter. In order to present some of the key 
underpinning and most relevant papers in the field they have been split into three sub-
categories – 
 Work published directly from industry 
- This section provides insight into the decisions and developments that led to 
the development and introduction of grouting as the primary method of 
conditioning for ILW. 
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 Publications from Glasser and Atkins  
- Reference to papers published over the past 30 years which primarily dealt 
with outlining the key areas of research and development breakthroughs and 
requirements. 
 Research from the Immobilisation Science Laboratory (ISL) at Sheffield 
University 
- The group at the ISL has been actively involved in researching cementitious 
grouts for ILW treatment for over 15 years; this section gives a brief 
introduction to the work that has been conducted and the aspects of 
application that have been investigated. 
 
2.4.1 Published works from the nuclear industry 
 
The work of Elsden (1984) serves very well to set the scene at the onset of the drive to 
condition all legacy waste in the UK and to develop methods to deal with all newly arising 
materials from reprocessing and decommissioning operations. The paper provides a 
brief overview of the objectives of conditioning and an introduction to the range of waste 
streams requiring treatment.  
At the time of publication there were already two small treatment facilities in operation 
within the UK, with others in operation internationally. Official specifications had not at 
that point been developed but it was clear that treatment within a cementitious grout was 
the preferred route to conditioning. 
Subsequent publications from Fairhall and Palmer (1985, 1987, 1992) showed clear 
development of the formulations and procedures implemented in the treatment of ILW. 
During the years 1984 to 1992 there was significant investment in R&D and construction, 
with the building of 3 large ILW encapsulation facilities at Sellafield site (Palmer and 
Fairhall, 1992). Over this period, British Nuclear Fuels Ltd. (BNFL) had developed a 
‘cement specification for ILW immobilisation’ (Fairhall et al., 1985), which has had a 
number of addendum issues in the years since; the standard specifications and 
conformity limits have remained very much the same throughout this time (except for 
some very slight relaxations in chemical compositional limits much later). 
Wilding (1992) provided a thorough overview of the vision towards waste treatment and 
gave a relatively in-depth overview of grout specifications and some of the key 
engineering considerations which led to the development of the specification. Within this 
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study there was clear reference to the risk posed by fire scenarios, highlighting the 
significance of better understanding of the effects of this, amongst other transport and 
handling considerations.  
 
2.4.2 The works of Glasser and Atkins 
 
Glasser and Atkins have played a pivotal role during this period of research and 
development. Their research represents a large volume of highly significant 
underpinning knowledge covering a wide range of scientific and engineering problems 
relating to the challenges surrounding treatment of ILW. Some of this work covered 
applications of modelling, but the most significant contributions relate to periodic 
overviews of the landscape, challenges and progress within the field. 
Very early work during this period (Glasser et al., 1986, Atkins and Glasser, 1992, Atkins 
et al., 1992) laid the foundations for modelling of cement/waste interactions and paved 
the way for further, more powerful, research in this field. Clearly the computational power 
used at that time was poor by today’s standards but the model was based on sound 
chemistry and therefore relatively powerful and insightful. 
Glasser was involved in research alongside the UK nuclear industry for a great number 
of years; but as has been the case historically, there has been very little published 
literature relative to the volume of research conducted. The large majority of publications 
from Glasser and Atkins relate to broad overviews of the current state of the art and 
specific challenges and issues faced by the technology. 
These publications span more than two decades, with the first (Atkins and Glasser, 
1992) providing a thorough introduction to the engineering challenges relating to 
rheological properties of grout formulations, heat evolution considerations and resilience 
to service environments. Since this initial publication a number of subsequent journal 
papers have been published (1994, 1997, 2001, 2011). 
The most recent in this series of reviews of research and development provides a 
thorough overview on the current trends and challenges in continued research. The 
report focuses on considerations for modelling, binding mechanisms, impact of pH, 
impact of heat of hydration, redox potential and non-Portland cement based systems 
(Glasser, 2013).  
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This represents the most exhaustive report into the current state of knowledge and 
research challenges faced as a whole in the future of treatment, storage and disposal 
of ILW within cementitious grouts. 
 
2.4.3 Research from the University of Sheffield 
 
The Immobilisation Science Laboratory (ISL) at the University of Sheffield has been 
actively involved in research surrounding the application of cementitious materials for 
the treatment of nuclear waste for a number of years; over that time the group has 
published a considerable volume of research. Industrial involvement has ensured that a 
wide scope of the engineering challenges has been investigated, with the incorporation 
of a wide range of materials and mix designs. 
Much of the early studies at Sheffield were conducted by Hill and Sharp, with preliminary 
investigations into phase assemblage (2002) and the effect of elevated temperatures 
(2002, 2003). The work of Hill then went on to focus on the encapsulation potential of 
different grouting formulations with respect to a number of radioactive analogues (2003, 
2005). 
A number of other projects within the ISL continued on from this; extending 
investigations in a number of directions. The works of Utton (2003, 2006, 2008, 2010, 
2011) probed the impact of temperature on grouts at high levels of replacement by slag 
and also the immobilisation potential of barium containing waste streams.  
The works of Collier (2004, 2006, 2006, 2009a, 2009b, 2010, 2010, 2011) focused 
largely on the treatment of a particular iron containing flocculant waste stream with later 
works investigating the treatment of magnesium containing wastes and investigation 
into activated cementing formulations. The research of Setiadi (2006b, 2006a) focused 
on the interactions between metals and composite cements, in particular aluminium and 
magnesium. 
Further research conducted by Gorce (2006, 2007) probed the microstructural 
development of slag composite cements at 75% replacement. The key findings 
surrounded the reduction in the prevalence of capillary pores, relative to plain Portland 
cement samples, but an increase in the volume of gel pores. Borges (2008, 2010, 2012) 
studied the impact of deterioration on grouting matrices via the application of 
accelerated carbonation and cyclic wetting/drying; aiming to gain a greater 
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understanding of the potential long-term behaviour and performance of  a range of 
grouting formulations based on Portland cement and blended with either slag or PFA. 
In recent years, there has been a trend towards the study of novel formulations which 
are not based on Portland cement. The need for a range of different grouting 
formulations in order to deal with the wide variety of waste streams was highlighted by 
Milestone et al. (2006); the group at the ISL has played an active role in expanding 
knowledge into a variety of different potential grouting matrices. Recent projects have 
focused on magnesia based systems (Walling et al., 2015) blended magnesium 
potassium phosphate cements (Gardner et al., 2015) and Ba(OH)2 blended systems 
(Mobasher, 2015) to address some very specific engineering challenges. 
 
2.5 Summary 
 
The hydration of neat Portland cements is now relatively well understood and the picture 
for composite cements incorporating high levels of replacement by slag is becoming 
ever clearer with continued breakthroughs in analysis techniques and the publication of 
academically rigorous research. 
A thorough understanding of the interaction of cementitious materials with encapsulated 
nuclear wastes, however, still requires a great deal of further investigation. Whilst a 
number of studies have been conducted, both industrially and academically, the 
disconnect between research means that a number of key questions remain 
unanswered. 
This field of study is hugely varied and a significant volume of research will be required 
in order to have a clear picture of the interactions occurring between waste and 
encapsulant. Factors such as temperature, surrounding strata, pH and 
ageing/degradation also play key roles in the design of both treatment technologies and 
the selection of suitable engineering barriers to mitigate the risk posed to the public. 
Within the UK there is a significant issue with regards the supply of cementitious 
materials that meet the tight specification limits set out for encapsulants used in the 
treatment of ILW. These limits are based upon legacy research which identified chemical 
and physical compositional envelopes which result in grouts that meet a number of 
rheological requirements and do not result in significant heat evolution as a result of 
hydration. Whilst these factors are all significant in terms of logistics and avoidance of 
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heat-induced cracking, there has been no consideration of long-term performance, grout 
hydration and compatibility with specific waste species/streams. 
Quantifying hydration and engineering performance as a function of composition is 
crucial in gaining significant insight into suitability of current, legacy and future grout 
specifications and in ensuring that the risk posed to the public is minimal in the final 
design and implementation of a GDF. 
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3. Materials and methods 
 
Chapter 3 provides details on the materials and experimental techniques used within 
this study. Information is provided on sample preparation as well as details of the range 
of techniques used to subsequently quantify the hydration, microstructure and 
composition of the various grout formulations.  
Wherever possible, testing was conducted by the author at the University of Leeds; 
however, in the very few instances where access to equipment or facilities meant that 
this was not possible, credit has been given to the instrument operator responsible for 
acquisition. 
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3.1 Characterisation of Raw Materials 
 
The materials studied throughout this project were obtained from a number of sources. 
It was therefore necessary to fully characterise them prior to the commencement of 
experimental investigation. A number of the materials were comminuted at the 
University of Leeds using a planetary mill, it was therefore essential that the physical 
properties of all anhydrous powders was well characterised to ensure consistency and 
conformity. In order to achieve this, a number of techniques were applied, and where 
possible compared with supplied data or otherwise repeated elsewhere to check 
equipment calibrations and avoid the potential for erroneous results due to, for example, 
operator error. 
 
3.1.1 XRF 
 
XRF analysis (Philips PW2440 sequential X-ray fluorescence spectrometer) was carried 
out at Sheffield Hallam University on all of the anhydrous powders. Certain materials, 
including the two OPC powders and Scunthorpe slag (S1f), were provided along with 
their chemical composition, these powders were reanalysed to ensure consistency and 
accuracy. 
 
3.1.2 Determination of Particle Size Distribution (PSD) 
 
Particle size distribution was determined via laser granulometry (Malvern Mastersizer 
2000E) using isopropanol as the dispersant and a rotating paddle (3000 rpm) to disperse 
and disagglomorate the particles prior to measurement (in addition to stirring by hand 
for 2 minutes prior to placing samples into the machine). Obscuration was maintained 
at 8-10% with 10 measurements taken per sample and an acquisition time of 10 seconds 
and a pause time of 5 seconds between repeat measurements; parameters were 
informed by previous studies (Arvaniti et al., 2014b) and maintained across all materials 
for consistency. 
Materials received from Hanson, via NNL, were first analysed to ensure that the laser 
difractometer was properly calibrated and results were in agreement with those provided 
by the supplier, whilst also ensuring that the materials were consistent and well 
49 
 
 
 
homogenised across sample tubs. Materials which were comminuted at the University 
of Leeds were analysed using the same technique and operating parameters. 
In order to determine the appropriate operating parameters to obtain suitably graded 
material for this application as defined industrially (BNFL, 2000) it was necessary to 
determine suitable residence times within the planetary mill used for comminution (Glen 
Creston GyRo mill) to achieve comparable PSD across a range of materials. After 
suitable parameters had been determined a number of samples were analysed to 
ensure consistency and conformity. 
In order to ensure suitably graded material (see Figure 3-2) it was necessary to first 
sieve the raw slag to ensure that material of similar fineness was pulverised, producing 
a consistent PSD profile. There was some concern that this sieving may result in 
fractions with varied composition, however subsequent XRF analysis showed negligible 
disparity in chemical composition. 
 
3.1.3 Methods to determine density 
 
The density of anhydrous powders was determined at the University of Leeds using an 
Ultrapycnometer 1000 (Quantachrome instruments) and verified by Hanson using a 
Quantachrome MUP-6DC machine. Results were in agreement within a range of ±0.5% 
and are given in Table 3-3. 
 
3.1.4 Methods to determine Specific Surface Area (SSA) 
 
Accurately determining specific surface area of OPC, slag and quartz powders can be 
relatively complex given their irregular shapes, varied PSD profiles and differences in 
density and refractive indices (Arvaniti et al., 2014a). The issue arises as a result of 
simplifications and/or assumptions made by the respective techniques, the most 
common being that of modelling particles as spheres.  
One method applied to determine the specific surface area of materials was Blaine 
fineness (ASTM C204-96a). The technique is based on the principle of determining air 
flow through a compacted bed of powder of known porosity (generally 0.5 where 
possible). The time taken for a fixed volume of air to pass through a bed (12.7 mm in 
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diameter and 15 mm in depth) is used to determine specific surface area (Sw) via 
application of the following equation – 
𝑆𝑤 = 𝐾√𝑡 
Equation 5 
Where t is time and K is the apparatus constant, determined via analysis of the 
equipment calibration cement produced and distributed by the National Institute of 
Standards and Technology (NIST), Washington, USA. (Hewlett, 2003). During this 
experiment the pressure steadily decreases as air flows through the specimen. 
The method has been used extensively within the cement industry for many years to 
ensure and maintain conformity, however it is open to potential operator error and has 
been shown to provide less accurate results when used to analyse coarser materials 
(with respect to standard specifications for cementitious powders) (Costoya, 2008). 
Further determination of SSA was performed by Paul Rounce (Hanson cement group, 
Scunthorpe); applying the Lea and Nurse method. This technique is similar to that of the 
Blaine method, however a larger sample is analysed, with slightly different parameters, 
significantly the pressure remains constant and after passing through the sample the air 
continues through a length of capillary tubing. The method is based on the Carman-
Kozeny equation – 
𝑆𝑤 =
𝑁
(1 − )
√
3𝐴𝑝
𝑄𝐿
 
Equation 6 
Where – 
A, L and  are the cement bed cross-sectional area, thickness and porosity; 
 Is the Stokes viscosity of air and Q is the rate of flow of air; 
 Is the powder density; 
p is the drop in pressure across the compacted bed, and 
N is a dimensionless constant which is dependent upon the units chosen. 
The apparatus is fitted with two manometers which measure the pressure drop across 
the cement bed (h1) and the pressure drop across the capillary (h2), with the second 
manometer acting as a flowmeter (Hewlett, 2003). Specific surface area can then be 
deduced from these manometer readings via the following equation – 
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𝑆𝑤 =
𝐾

√
ℎ1
ℎ2
 
Equation 7 
Where, as with the Blaine method, K is an apparatus constant. 
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3.2 Materials 
 
Whilst very similar in composition to ‘standard’ construction cement and slag powders, 
the materials used within the study (and hence for the treatment of ILW) have been 
prepared without the addition of minor additional constituents (MACs) and ground in the 
absence of organic grinding aids. These omissions are significant for two reasons. 
Firstly, their inclusion could potentially result in adverse reactions or complexations 
when mixed with waste streams, rendering them unsuitable as waste packages.  
The second reason as to why these compositional nuances are significant is how they 
impact upon supply. The use of MACs and grinding aids are ubiquitous in the 
preparation of clinker to form OPC and slag for construction purposes as both help to 
reduce the embodied carbon of the materials through improving grinding efficiency and 
powder processing or reducing the clinker content of the OPC (and its associated 
embodied carbon, both anthropogenic and created through production). Within standard 
applications, the inclusion of a small amount of limestone, as a MAC, also accelerates 
some of the hydration reactions whilst also providing nucleation sites to further enhance 
early age hydration. 
Given that the construction trade accounts for well over 99% of all OPC and slag used 
both nationally and globally it is very difficult to source materials which are not prepared 
in this manner. This presents the nuclear industry with a potential continuity of supply 
issue and is one of the key drivers behind this project. 
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Table 3-1: Chemical composition of as received materials determined via XRF 
Oxide 
(%) 
C1 C2 S1f S1c/S3c S2c/S2f 
CaO 65.4 64.6 39.8 40.5 43.2 
SiO2 21.1 20.3 37.2 36.0 36.1 
Al2O3 4.5 5.2 10.8 11.8 10.8 
TiO2 0.4 0.3 0.7 0.9 0.7 
MnO 0.1 0.04 0.4 0.4 0.4 
Fe2O3 2.8 2.6 0.4 0.25 0.5 
MgO 1.0 2.4 7.9 7.9 3.7 
K2O 0.7 0.8 0.6 0.6 0.9 
Na2O 0.3 0.4 0.2 0.3 0.16 
SO3 3.4 2.8 1.7 0.6 0.6 
        Basicity ratios 
C/S 1.07 1.13 1.20 
(C+Mg)/S 1.28 1.34 1.3 
(C+Mg+Al)/S 1.57 1.67 1.60 
 
Table 3-2: Clinker phases as determined via Bogue analysis 
  C1 C2 
C3S 54.7 58.9 
C2S 18.2 13.8 
C3A 7.5 6.5 
C4AF 9.0 15.4 
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Table 3-3: Physical properties of anhydrous materials at time of mixing 
Material d0.1 (µm) d0.5 (µm) d0.9 (µm) SSA (m2/Kg) Density (g/cm3) 
C1 3 17.5 50 325 3.16 
C2 2.7 15.5 50 384 3.15 
S1c 
(Calumite) 
85 350 800 
  
2.80 
S1f 1.5 7.3 24 526 2.95 
S2c 4.1 40.5 145 262 2.91 
S2f 2.2 17 58 365 2.90 
S3c 3.9 36 135 294 2.91 
 
The chemical compositions and physical properties of the as received and ground 
materials are given in Tables 3.1, 3.2 and 3.3. The margin of error of the techniques 
employed to determine these values are largely inferred, partly through the rounding up 
of results (to 1 decimal place in the case of the XRF values given in Table 3.1, and 
likewise for the Bogue values in Table 3.2).  
Values for PSD, as shown in Table 3.3 are believed to be accurate within an error of 2-
3%, in line with the work of (Arvaniti et al., 2014b) with analysis performed under 
consistent operating parameters. 
 
  
3.2.1 Ordinary Portland Cement (OPC) 
 
The two cements used in this project were supplied by Hanson cement via NNL and 
represent the current and legacy specification powders (C1, from Ketton, is the current 
specification powder; C2, from Ribblesdale, is the legacy material which was used to 
produce grouting material until early 2015). At the onset of the project the supply of OPC 
powder was in the process of switching, the result being that there was both industrial 
and academic interest in understanding the impact of this upon hydration and resultant 
microstructural development and performance of grouting matrices.  
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The chemical and physical composition of each is provided in Table 3-1 and Table 3-3. 
Chemically there was little difference between the two OPC powders, with the most 
significant factors in this regard being the slightly higher MgO content of the ‘legacy’ 
OPC powder, C2.  
The physical composition of both powders, as determined via laser granulometry, 
pycnometry and application of the Lea and Nurse method (Sections 3.1.2, 3.1.3 and 
3.1.4) are provided in Table 3-3. C2 contained a higher fraction of finer material, the 
result being a specific surface area 20% higher than observed for C1.  
Figure 3-1 shows the particle size distribution (PSD) of the two OPC powders, the 
presence of a higher fraction of fine material in C2 is the reason behind the relatively 
higher specific surface area. Had these powders been produced under typical 
processing conditions (with grinding aids and MACs), they would be classed as CEM1 
42.5N cements. 
 
Figure 3-1: Particle size distribution of cements 
 
3.2.2 Blastfurnace Slag (slag) 
 
The three slag powders used throughout the project were sourced from either Hanson 
cement (via NNL) or from Redcar blast furnace (slag 2). S1f and S1c (Calumite) were 
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received prepared and pre-ground (in the case of S1f) by Hanson. Calumite, which is 
generally used in the production of glass, has a much coarser PSD than the other slags 
investigated within this study and is incorporated into the current (C1S1) and legacy 
(C2S1) grout formulations to offset the fineness of the S1f slag that is now used (at a 
ratio of 65:35 S1f: Calumite). This inclusion ensures conformity with limits for rheology, 
flow, setting time and avoidance of the formation of bleed water. 
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Table 3-4: Legend of mix designs of powder compositions studied 
Mix Powder composition Context 
C1S1 
OPC 1 - Ketton, BFS - 65% 
Scunthorpe fine, 35% very 
coarse Calumite 
Current specification grout for 
ILW encapsulation 
C2S1 
OPC 2 - Ribblesdale, BFS - 
65% Scunthorpe fine, 35% 
very coarse Calumite 
Legacy specification, used up 
until very recently when 
supply of OPC had to be 
change 
C1S2c 
OPC 1 - Ketton, BFS - 
Teesport coarse grind 
Potential replacement 
formulation identified which is 
at the 'coarse limit' for BFS 
composition as defined by 
BNFL 
C1S2f 
OPC 1 - Ketton, BFS - 
Teesport fine grind 
Potential replacement 
formulation identified which is 
at the 'fine limit' for BFS 
composition as defined by 
BNFL 
C2S2c 
OPC 2 - Ribblesdale, BFS - 
Teesport coarse grind 
Prepared to provide a direct 
comparison with C1S2c (as 
C1S1 and C2S1), to allow for 
quantification of composition 
of OPC on hydration and 
performance 
C1S3c 
OPC 1 - Ketton, BFS - 
Calumite coarse grind 
(matching PSD to Teesport 
coarse) 
Very coarse Calumite 
material was ground to 
matching PSD of S2c to allow 
for direct comparison and 
quantification of impact of 
changes to chemical 
composition whilst 
maintaining physical 
properties 
 
Historically, slag complied with a specification (BNFL, 2000) in which there were 
relatively tight limits on fineness (270-310 m2/kg as determined via Blaine permeability 
method). Due to issues with material supply it was necessary to go outside of this 
specification, since the historic limits define a slag much coarser than those which are 
typically used in the construction industry (who essentially dictate grinding of slag, being 
by far the main consumer).  
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Figure 3-2: Particle size distribution of slag powders and quartz 
 
S2 was received in its raw form from Redcar steelworks; it was first oven dried at 105°C 
overnight to remove any moisture and reduce agglomeration. Once dry, the slag was 
sieved into 3 fractions (>64µm, 64µm-600µm and >600µm) before grinding; this 
provided powders of tighter particle size distributions and was necessary in order to 
ensure that ground materials had a standard resultant PSD following grinding (see 
Figure 3-2). Material graded below 64µm was ground to produce S2f and material 
between 64 µm and 600µm was ground to produce S2c  
Grinding was performed using a Glen Cresson planetary mill; slag was ground in 
batches of 150g ± 0.1g, with a ‘trial and error’ approach taken to determine the optimum 
residence time to achieve a material of suitable PSD and SSA for both a ‘fine’ and 
‘coarse’ fraction. Laser granulometry (Section 3.1.2) was performed on ground materials 
in order to calculate optimum residence times within the grinding mill. Subsequently, 
large volumes of materials (in the order of 10s of KGs) were ground for each fraction 
and homogenised within tubs which were sealed until material was required for testing. 
In order to achieve materials of similar physical properties (S2, S3 and quartz, to be 
used as an inert filler in certain techniques) it was decided that the PSD as determined 
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via laser diffraction would be used to inform consistency, given its comparatively 
improved suitability to these materials in relation to other potential analysis methods 
(Arvaniti et al., 2014b) and the speed and consistency with which it can be performed. 
 
3.3 Experimental Techniques 
 
3.3.1 Mix Designs and Sample Preparation 
 
All testing was conducted on paste samples since this is the grouting material that is 
used for the treatment of ILW (and some LLW) in the UK. Mixes were prepared in line 
with the specification for grouting materials as outlined in legacy BNFL technical 
specifications (BNFL, 2000) in so far as powder ratios were maintained, water binder 
ratio (w/b) and chemical compositions fell within specification. The only deviation from 
these limits was in the PSD of the powders (in particular S2c and S2f) as this was one 
of the key parameters of investigation given its bearing upon performance and the 
historical comportment that it has had upon powder supply. All samples were prepared 
at a w/b of 0.35.  
 
3.3.2 Dilatometry 
 
3.3.2.1 Principle of chemical shrinkage 
 
It has long been observed that the volume of hydrated cementitious materials is lower 
than the combined volume of the constituent materials prior to the onset of hydration 
(Powers, 1935), with the first reported measurements made by Le Chatelier (1905). This 
phenomenon is a result of water having a lower specific volume when bound to a solid 
than when free as a liquid. It provides a simple and accurate means for following the 
rate of hydration of cementitious materials and offers the possibility of isolating the rates 
of hydration of distinct phases through replacement with inert filler material. 
A number of different techniques have been applied over the years to follow chemical 
shrinkage, including gravimetry in which the change in specific gravity is measured, via 
pycnometry in which the change in weight is determined, or as in this study, via 
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dilatometry. The method protocol was first developed by Geiker (1983) with a number 
of more recent studies making use of technological advancements (Geiker, 2016) to 
increase accuracy and allow for continuous measurement to be made (Costoya, 2008, 
Kocaba, 2010, Whittaker, 2014, Berodier, 2015). 
 
3.3.2.2 Sample preparation and experimental setup 
 
Mixes were prepared by first combining 100g of the powder fraction (OPC and slag, or 
OPC and quartz) and mixing vigorously by hand, shaking for 5 minutes in a sealed 
container. 50g of material was weighed out and combined with 17.5g of deionised water 
(w/b 0.35) and mixed by hand for 2 minutes. The resultant paste was weighed into 3 
plastic beakers (34mm internal diameter), 15 ± 0.01g of paste per sample. Each sample 
was tapped firmly against a hard surface so as to remove any entrapped air, water was 
added to the top of the samples very carefully to avoid disturbance and to ensure that 
no interference was made with the sample. Each beaker was subsequently sealed with 
a rubber bung through which a 1ml pipette was placed, with the water from the beaker 
filling the pipette in the process. A small amount of water was removed from each pipette 
and the samples were sealed with a few drops of paraffin oil dyed with 1-(methylamino) 
anthraquinone; this served two purposes, first it blocked the interface between the water 
and air, creating a seal and stopping evaporation and secondly it provided an easily 
distinguishable tracer by which shrinkage could be measured.  
Samples were placed into a water bath in a lab maintained at 20°C ± 0.5° with the 
pipettes held in place in a specially designed rig. A webcam connected to a PC was 
placed in front of the samples and used a macro to record images at a 5 minute timestep 
for the duration of the experiment. Images were processed using Axiovision software to 
extract data on the water level within the capillaries and hence, knowing the internal 
diameter of the capillary, the total shrinkage of each sample was determined. 
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3.3.3 Isothermal Conduction Calorimetry (ICC) 
 
3.3.3.1 Principle of isothermal conduction calorimetry 
 
Due to the exothermic nature of cement (and composite cement) hydration it is possible 
to monitor and precisely assess hydration kinetics in real time without the need for 
samples to be altered in any way. Modern calorimeters employ a twin channel setup in 
order for materials to be analysed with respect to a reference sample, this ensures that 
any ‘noise’ or ‘drift’ to the signal, caused by external factors within the laboratory, is 
accounted for and does not negatively impact upon the accuracy of results, allowing for 
repeatability and reproducibility across research institutes (Wadsö and Arndt, 2016). In 
order for a reference material to be representative it must have comparable thermal 
properties as well as being physically similar (Wadsö, 2010); this investigation, in line 
with previous studies has employed quartz as a reference material as well as for use as 
an inert filler to isolate the hydration of the distinct anhydrous materials present within 
the grouting matrices (Whittaker et al., 2014, Kocaba et al., 2012). 
 
3.3.3.2 Sample preparation and experimental setup  
 
Heat liberation of the grouting matrices, along with pastes prepared with the slag fraction 
replaced by inert quartz of matching PSD (see Figure 3-2), was measured using a Tam 
Air parallel 8-channel calorimeter. 100g of anhydrous material was combined as 
described in Section 3.3.2; of this, 6.67g ±0.001g was weighed into a 20ml plastic 
ampoule. 2.33ml ±0.001ml of water was added and the paste was combined using an 
orbital shaker set to speed 5 for 2 minutes. Selection of a standard sample size, as well 
as a consistent and precise sample preparation regimen has been shown to be essential 
in ensuring accurate and comparable results (Wadsö, 2010, Kocaba, 2010), the 
parameters employed within this study were in line with the standard operating 
procedures used within the civil engineering department at the University of Leeds, as 
developed previously (Whittaker, 2014). 
Owing to the relatively long duration of testing via ICC (the reasoning for which is 
discussed further in Section 3.3.3.3) is it imperative that the specific heat capacities of 
the samples and references are equal. Since the specific heat capacities of each of the 
constituent materials is known, water – 4.18 J/(g.K) (Holman, 1981), cement - 0.75 
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J/(g.K) (based on measurements for C3S and C2S from (Todd, 1951)) and quartz 0.8 
J/(g.K) and it is known from the simple law of mixtures (De Schutter and Taerwe, 1995) 
that – 
𝐶𝑝
(𝑓𝑟𝑒𝑠ℎ 𝑝𝑎𝑠𝑡𝑒) =  𝑀𝑓
𝑤𝑎𝑡𝑒𝑟 . 𝐶𝑝
𝑤𝑎𝑡𝑒𝑟 + 𝑀𝑓
𝑐𝑒𝑚𝑒𝑛𝑡. 𝐶𝑝
𝑐𝑒𝑚𝑒𝑛𝑡 
Equation 8 
Where- 
Mfwater – mass fraction of water in paste; 
Mfcement – mass fraction of cement; 
Cpwater – specific heat of water; 
Cpcement – specific heat of cement. 
 
In each reference channel was placed a quartz and water reference sample (7.1 g and 
2.33 ml respectively), these references served as analogues and allowed for the 
resolving of temperature artefacts, since the specific heat capacity of each sample and 
reference is equal to 1.64 J/(g.K) (Bentz, 2007). 
 
3.3.3.3 Isolation of heat liberated due to slag hydration 
 
Through replacing the slag fraction of each individual mix with inert quartz of matching 
PSD it was possible to isolate the heat liberation as a result of slag hydration. This 
replacement accounted for the ‘filler effect’ (Berodier and Scrivener, 2014, Lothenbach 
et al., 2011, Gutteridge and Dalziel, 1990) caused by replacement within composite 
cements whereby there was a dilution as the water to cement ratio (w/c) was enhanced 
whilst the w/b remained constant, thereby providing a larger volume into which hydrate 
phases could grow. Filler effect also accounts for (although to a much lesser degree) 
the provision of nucleation sites on which the cement grains may hydrate. 
It was the difference in heat between the standard, slag containing mix and this quartz 
replacement paste that was the heat evolved as a result of slag hydration. In order for 
these results to be accurate it was imperative that the PSD of the quartz was equal to 
that of the slag (see Figure 3-1) and that the specific heat capacities of the sample and 
reference were equal and consistent across all samples. Since the testing extended for 
28 days, after which time the exothermic reaction was highly diminished it was 
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imperative that accuracy was maintained to avoid signal drift or erroneous introduction 
of background noise artefacts.  
 
Figure 3-3: Segmentation of heat of hydration from reaction of slag 
 
Figure 3-4: Heat released due to slag hydration in the system C1S2f 
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In some cases, at early age a slight negative result was observed (see Figure 3-4). 
Similar occurrences have been noted in previous studies (Whittaker, 2014) in which the 
disparity was attributed to formation of different hydrates in the quartz replacement 
system. 
 
3.3.4 Drying of samples for secondary analysis techniques 
 
For a number of techniques, as described in Sections 3.3.5, 3.3.6, 3.3.7, 3.3.9 and 
3.3.10 it was necessary to first dry samples to arrest hydration and render them suitable 
for analysis, whilst taking care to minimise the impact upon the microstructure and 
chemical composition of each sample. A number of studies have previously been 
conducted to assess the impact of a range of drying techniques (Collier et al., 2008, 
Gallé, 2001, Zhang and Glasser, 2000, Snoeck et al., 2014, Korpa and Trettin, 2006) 
with the consensus being that solvent replacement appears to be the least detrimental 
to the microstructure of the sample (Collier et al., 2008, Day and Marsh, 1988, Hearn 
and Hooton, 1992). Where feasible, this approach was taken within the current study. 
The most suitable methods for hydration stopping, as determined by (Zhang and 
Scherer, 2011) are shown in Table 3-5 and form the basis for the selection of drying 
methodology applied throughout this study. 
 
Table 3-5: Selection of techniques for arresting hydration (Zhang and Scherer, 2011) 
To preserve 
microstructure:  
solvent-replacement > vacuum-drying > F-drying > oven-drying 
To preserve 
composition: 
 F-drying > oven-drying > solvent-replacement 
To save time/ for large 
samples: 
 oven-drying > F-drying > solvent-replacement 
 
Samples prepared for TGA, XRD and SEM were dried via solvent replacement using 
isopropyl alcohol (IPA). Sections (10mm diameter and 2mm thick) were cut from 
samples which had been prepared as described in Section 3.3.2.2.  
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To arrest hydration, the 2 mm thick sections were placed in IPA at a liquid: solid ratios 
of 200:1 in glass beakers. Samples were placed onto small mesh stands to accelerate 
exchange of the unbound water with the IPA. After 7 days, samples were removed and 
placed in a desiccator over silica gel under a negative pressure; the system was pumped 
but with a slight ‘leak’ in the system to provide a flow of air to accelerate the evaporation 
process. 
For larger samples, as required in Sections 3.3.9 and 3.3.10 a different method was 
employed to arrest hydration. Samples for permeability and sorptivity testing were 
cylindrical, having a diameter of 27 mm and a height of 40 mm ± 2 mm; as such it would 
have been impractical to attempt to arrest hydration via solvent exchange. A thorough 
review of the available literature suggested that the most suitable method was oven 
drying but at a temperature which would minimise the detrimental effects of the 
technique (Collier et al., 2008, Zhang and Scherer, 2011). 
Given that the samples had previously been conditioned to 28 and 180 days respectively 
it was deemed that the time taken to render them fully dry, whilst not ideal, was 
acceptable since it was the only way to guarantee that significant damage to the 
microstructure was not caused.  
Freeze-drying or oven drying at 105°C was deemed too aggressive and likely to cause 
unacceptable microstructural damage, whilst solvent exchange, F-drying or vacuum 
drying posed logistical issues and more complex time dependent issues.  
 
3.3.5 Thermogravimetric Analysis (TGA/DTA) 
 
3.3.5.1 Principle of thermogravimetric analysis 
 
Through heating a known mass of material at a constant rate and measuring the 
dynamic weight loss as a function of temperature it is possible to determine the 
composition of a number of distinct phases, including the mass loss due to the 
dehydration of bound water, the dehydroxylation of calcium hydroxide and the 
decarbonation of calcium carbonate (Bhatty, 1986).  
Since the range of decomposition temperatures of the different phases present within 
the samples are known, and results for both the thermogravimetry (TGA) and its 
derivative (DTA) have been collected, it was possible to determine the mass contents 
of each phase within each system and how this varied with respect to time. Previous 
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studies have used these results to obtain degree of hydration of the cementitious matrix 
(Pane and Hansen, 2005). 
Figure 3-5 shows an example of the TGA, DTA and DTA curves for a grouting material 
hydrated to 28 days; the water bearing phases, including C-S-H, ettringite and AFm, 
decompose first with the decomposition of C-S-H extending from the test onset at 40°C 
up to 415°C. Ettringite decomposition occurs in the region 100-150°C with AFm phases 
decomposing at a range of temperatures within this region. CH will dehydrate in the 
region 420-550°C, and depending on the sample this decomposition may be complete 
below this upper limit, as is the case in the sample shown in Figure 3-5. Any mass loss 
observed from 600°C will be due to decarbonation of calcite, with any phase 
transformations being highlighted by peaks in the DTA and DTA curves but having no 
attributable mass loss. 
 
Figure 3-5: TGA, DTA and DTA for C1S2c system hydrated for 28 days 
 
The accuracy and resolution of results obtained via this method are highly dependent 
upon a number of factors; including sample size, heating ramp rate and crucible type; it 
is essential that all of these variables remains constant throughout testing to ensure that 
results are consistent and accurate. 
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3.3.5.2 Sample preparation and experimental setup 
 
Samples were prepared as outlined in Section 3.3.4 with hydration arrested via solvent 
replacement. Once dried samples were crushed in a pestle and mortar to a fine powder 
and weighed into 50 ml alumina crucibles, 50mg ± 2mg of material was used for each 
sample at each testing age. Samples were analysed using a Mettler Toledo TGA/DSC1 
at a temperature range of 40-1000°C and a ramp rate of 10°C/min under a nitrogen 
atmosphere, operating at a flow rate of 50 ml/min. 
 
3.3.5.3 Determination of composition 
 
Due to the overlapping of decomposition curves it is challenging to determine exactly 
the mass loss as a result of the dehydration or decarbonation of Portlandite (CH) or 
calcite (if it is indeed present within the sample). There are two methods which may be 
employed to determine the weight loss and hence the quantity of each phase within the 
sample. 
The first method, referred to as the derivative method, makes use of the 2nd derivative, 
DTA, to accurately identify the temperature range in which dehydroxylation of 
portlandite occurs (Monteagudo et al., 2014, Bhatty, 1986), it is possible to use this 
information to identify the points at which the reaction starts since the sensitivity of the 
machine is very high. The method is very basic in that one simply must measure the 
total mass at both points and determine the difference in mass before and after the 
decomposition. The continued dehydration of other phases during this period means 
that the results obtained via the derivative method are not completely accurate.  
The second, and most commonly applied approach is the tangent method. From the 
onset and end points at which the decomposition is identified (via the aid of the DTA 
and DTA curves) a tangent is plotted from the TGA curve. A line is drawn through the 
midpoint of these two tangents and the difference between the two intersects is taken 
as the mass loss due to dehydroxylation of portlandite (see Figure 3-6). 
With the application of the tangent method there is inevitably an inherent margin of error. 
In a previous study, Kocaba (2010) found that results would typically deviate by around 
8-10%, owing to both variations in samples and determination of CH via the application 
of the method described. Nevertheless, the method has been found to yield reproducible 
results free from significant operator error, within the ranges discussed. 
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Figure 3-6: Determination of CH content from tangent method 
 
3.3.5.4 Determination of bound water content 
 
The chemically bound water within each sample gives an indication towards 
continued hydration and can be used as a quick and simple means of identifying 
continued hydration as a function of time. As samples were pre-dried via solvent 
exchange, the mass loss as a result of bound water (Wn) can be taken as that 
occurring between 50 and 550°C, the point at which all water bearing phases are 
considered to be fully dehydrated, where bound water is calculated by: 
𝑊𝑛 =  (
𝑊50 − 𝑊550
𝑊550
)  𝑋 100 
Where: 
W50 – mass loss at 50°C 
W550 – mass loss at 500°C 
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3.3.6 X-ray Diffraction (XRD) 
 
3.3.6.1 Principle of X-ray diffraction 
 
X-ray diffraction allows for the identification and compositional determination of any 
crystalline phases present within a material. Since crystals are regular in structure, their 
elastic scattering of incident X-ray photons over a range of incident angles can be used 
to identify their unique composition through the application of Bragg’s law – 
 = 2𝑑𝑠𝑖𝑛 
Equation 9 
Where – 
 is an integer value, known as the order of reflection 
 is the wavelength of the X-ray beam 
D is the inter-planar spacing of and crystalline phases within the sample; and  
 is the angle of incidence of the X-ray beam, relative to the sample. 
By bombarding a sample with a focused beam of X-rays and collecting those which have 
been elastically scattered and passed through a receiving slit and collimator it is possible 
to determine the composition of the crystal structure which has interacted with the 
incident X-rays, since each crystalline compound has a unique planar spacing. 
A large mass of the hydration products, as well as most of the phases present within the 
anhydrous slags, are amorphous or poorly crystalline with no well-defined peaks. These 
amorphous phases appear as broad humps within the resultant XRD pattern. In recent 
decades, the application of Rietveld refinement (Rietveld, 1969) has become 
increasingly prevalent (Scrivener et al., 2004, Le Saoût et al., 2011, Snellings et al., 
2014a) as a means of quantifying phase composition and determining contents of 
amorphous phases within these complex hydrating materials. 
More recently, a number of studies have applied the Partial Or No Known Crystal 
Structure (PONKCS) method (Scarlett and Madsen, 2006) to quantify hydration in 
blended cements (Snellings et al., 2014b) as well as in alkali activated systems (Williams 
et al., 2011) and hydrating alite pastes (Bergold et al., 2013). The technique is based on 
Rietveld refinement but is enhanced slightly by making use of the fact that the humps of 
amorphous phases are unique (Juenger and Siddique, 2015), negating the application 
of a manual background fit and improving accuracy. 
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Whilst these techniques and methods show great promise, they have not been applied 
herein since this was considered outside of the scope of the present study. XRD analysis 
has been performed in this instance for the identification of the presence of crystalline 
phases, chiefly CH and the various AFt and AFm phases. 
 
3.3.6.2 Sample preparation and experimental setup 
 
Samples were prepared as outlined in Section 3.3.4; hydrated to pre-determined ages 
before being hydration stopped through immersion in IPA. After suitable drying, samples 
were ground to a very fine powder and backloaded into 16mm sample holders with the 
aid of a frosted glass slide; this ensured a well compacted sample bed whilst avoiding 
preferential orientation. 
Analysis was performed using a Bruker D2 phaser desktop machine equipped with Cuk 
X-ray source and LYNXEYE detector operating at a voltage of 40 kV and current of 40 
mA. XRD patterns were acquired in the range 7-70° 2 at a step size of 0.034° with a 
complete analysis taking 93 minutes per sample. During analysis samples were rotated 
around the vertical goniometer axis to improve particle statistics. 
 
3.3.7 Scanning Electron Microscopy (SEM) 
 
3.3.7.1 Principle of scanning electron microscopy 
 
SEM is one of the most common methods employed in the analysis and investigation of 
cementitious materials. The microscope fires a focused beam of electrons onto the 
surface of a sample (usually in a raster scan pattern) and is able to extract information 
on the properties and composition through the detection of a number of resultant signals 
which are produced. Secondary electrons, which are emitted from the sample when 
atoms within it are excited by the electron beam, allow for a topographic image of a 
specimen to be created. Whilst this mode is the most commonly used with scanning 
electron microscopes it is not pertinent to the current study. 
Backscattered electrons, which are reflected back off the surface of a sample via elastic 
scattering, allow for an understanding of the composition and discrimination between 
the phases present within a sample. The rate at which electrons are backscattered from 
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a sample is highly dependent upon the electron density of the atom which has interacted 
with the electron beam. From this information a grey-scale image of the sample surface 
is produced in which heavier materials appear lighter, less dense elements appear 
darker and pores appear black. 
Through analysis of flat, polished sections it is possible to accurately analyse a range of 
samples with consistent brightness and contrast and subsequently determine the 
quantities of the phases present (Scrivener, 2004, Snellings et al., 2014b). Since the 
technique is based on analysing a 3-D sample from a 2-D surface it relies upon the 
principles of stereography and is limited in that it is unable to provide accurate 
information on the true shape, size and morphology of particles. 
Figure 3-7 shows a typical micrograph at 800x magnification, in this case of the C1S2c 
system (with 25% OPC and 75% slag) hydrated for 28 days The associated grey level 
histogram is also shown and annotated to show the peak positions of the different 
anhydrous and hydrated phases present. The threshold for arbitrary determination of 
porosity, as suggested in (Scrivener et al., 1987) and the associated work of (Patel et 
al., 1988) is also illustrated. 
As is clearly evident from the histogram shown in Figure 3-7 there is significant overlap 
in the peaks associated with Portlandite (CH) and anhydrous slag, since their mean 
atomic densities are comparable. In order to accurately isolate the anhydrous slag 
fraction and hence determine slag hydration, it was necessary to subsequently collect 
magnesium EDX maps for each micrograph. From XRF analysis it is apparent that Mg 
content is higher in the slag fraction than within the OPC in each system; and due to the 
low solubility of Mg it remains within the boundary of the initial, anhydrous slag grain 
boundary.  
Generally, analysis in backscattered mode on flat polished samples will remove any 
topographical effects. However, within some of the samples analysed herein some slight 
discrepancies have been noted. Within the C1S1 and C2S1 samples, the very large 
Calumite grains appear to have caused preferential polishing, since these phases are 
much harder than the surrounding hydrates (see Figure 4-7). 
Analysis of flat polished sections via BSE-IA is generally accepted to produce accurate 
and repeatable results. However, given the limitations in resolution (particularly in 
relation to other indirect methods, such as dilatometry, see Figure 4-19) it has often 
been shown that results obtained at early age result in an overestimation in degree of 
slag hydration (Kocaba, 2010, Whittaker, 2014) since the very small anhydrous slag 
grains cannot be detected at the typical magnification used within the technique. 
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Figure 3-7: SEM micrograph of C1S2c system at 28 days with corresponding grey 
level histogram 
 
3.3.7.2 Determining degree of hydration of slag 
 
Figure 3-8 shows a segmented micrograph, which has been achieved via some slight 
image processing (smoothing and applying a median filter) followed by thresholding, 
overlaying the Mg map at a relatively low opacity and performing a further thresholding 
to isolate the anhydrous slag. 
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Figure 3-8: (a) C1S2c system hydrated for 28 days, (b). Associated Mg map and (c). 
anhydrous slag fraction isolated 
 
Given the heterogeneous nature of these samples and determination of degree of 
hydration from a 2-D surface it is necessary to repeat this process over a number of 
images. A preliminary study within this project, supplemented by significant investigation 
in the work of (Whittaker, 2014) showed that at a magnification of 800x, 50 images is 
sufficient to provide accurate and repeatable results. Independent analysis of a data set 
in which both the author and Whittaker processed a set of 50 images the results were 
in agreement within an error of 0.2%, suggesting that the only factors that may affect 
accuracy are the settings applied when collecting images and EDX maps. 
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Processing the images as described above, using ImageJ 1.50g software, results in the 
creation of a binary image in which only the anhydrous slag is selected. From this it is 
possible to determine the degree of slag hydration through the application of the 
following equation (Kocaba, 2010) – 
𝐷𝑜𝐻𝐵𝐹𝑆 =
𝑉𝑓𝐴𝑛.𝐵𝐹𝑆(𝑡0) − 𝑉𝑓𝐴𝑛.𝐵𝐹𝑆(𝑡)
𝑉𝑓𝐴𝑛.𝐵𝐹𝑆(𝑡0)
   
Equation 10 
Where – 
𝑉𝑓𝐴𝑛.𝐵𝐹𝑆(𝑡0) – Initial volume fraction of slag;  
𝑉𝑓𝐴𝑛.𝐵𝐹𝑆(𝑡) – Volume fraction of slag at time t. 
 
3.3.7.3 Sample preparation and experimental setup 
 
Samples were first cut and hydration stopped as outlined in Section 3.3.4 before being 
encapsulated in resin, ground with fine SiC paper (600-2500 grit) to expose the sample 
surface and polished with diamond paste to a fineness of 0.25 µm. Samples were then 
mounted and splutter coated with carbon (10 nm in thickness). 
Samples were analysed at a range of ages for 2 to 365 days using a Carl Zeiss EVO 
MA15 machine equipped with Oxford instruments AZtec Energy EDX system with 80mm 
SDD detector. Images were acquired at 800x magnification at a working distance of 
8.5mm and an accelerating voltage of 15 keV. EDX maps for Mg were collected with a 
count rate of 30,000+ cps with an acquisition time of 100 seconds. Subsequent image 
analysis was performed using ImageJ software as outlined above. 
 
3.3.8 X-ray micro-Computational Tomography (X-µCT) 
 
3.3.8.1 Principle of X-µCT. 
 
For a thorough introduction to computational tomography and its application to materials 
science the works of both Stock and Banhart provide a great starting point (Stock, 
2008b, Banhart, 2008). 
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Materials such a cementitious grouts and concrete may be imaged via X-µCT owing to 
the disparity in density of the different phases present, be they water or air filled pores, 
hydration products or anhydrous material. These differences in density affect the way in 
which the incident x-rays interact with the material and ultimately, their attenuation. The 
mass attenuation coefficient of each distinct phase present within a material is a strong 
function of its atomic number and of the x-ray wavelength and as such it is possible to 
image the internal structure of such materials in a non-destructive manner and, as in 
this study, without any pre-treatment prior to analysis. 
Analysis and imaging of materials via X-µCT is capable of achieving sub-micron 
resolution in certain applications and particularly when using synchrotron radiation with 
its high intensity x-rays and very high flux (Provis et al., 2012, Promentilla et al., 2009). 
The achievable image resolution is, however, a function of sample size as well as the 
interplay of contrast sensitivity and spatial resolution achievable within the sample 
(Stock, 2008a). Within a desktop based system, as was applied in the current study, a 
feasible resolution in the region of ‘sample size/4000’ is reasonable, i.e. for the 5mm 
samples studied a voxel size of just over 1.25 µm. 
 
Figure 3-9: Example reconstructed slice through X-ray µCT scan. Sample shown is 
C1S2c following heat-treatment to 800°C at 7 days 
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3.3.8.2 Sample preparation and experimental setup 
 
Samples were mixed by hand for 5 minutes and subsequently injected with a syringe 
into thin cylindrical quartz glass capillaries (5mm internal diameter, 10µm wall 
thickness); the benefits of this preparation protocol were demonstrated previously 
(Gallucci et al., 2007) and include a reduction in absorption effects and crucially this 
preparation method negates the requirement for samples to be pre-conditioned, be that 
fracturing of a larger sample to produce a suitably sized section for analysis or hydration 
stopping by means of solvent replacement, oven-drying, freeze-drying or other methods; 
all of which may have deleterious effects upon the microstructure. 
Samples were sealed and stored at 20°C for 7 or 28 days prior to testing. A number of 
samples were conditioned to 28 days before being heated in a furnace to either 400°C 
or 800°C. This heating regime was in line with industrial testing methods (NDA, 2010c) 
and through mimicking these conditions it is possible to quantify the changes induced 
upon the pore structure, quantifying the resilience or otherwise of waste packages in 
such scenarios. Samples were placed in the furnace and heated to the desired 
temperature, where they were held for 30 minutes before being allowed to cool in air to 
room temperature. 
Imaging was performed at NNL’s Central Lab, Sellafield, using a Bruker Skyscan 1172 
equipped with an 11Mp CCD camera and coupled scintillator with a maximum resolution 
of 0.5µm. Images were acquired at a step size of 0.15° (1200 steps in a 180° scan) with 
an exposure time of 8.3s per step, for a total scan time of 2 hours 46 minutes per sample. 
Resolution was limited by sample size and the object to source distance, with voxel 
sizes ranging from 1.24 to 1.62µm3, actual figures for each sample are given in Table 
3-6. 
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Table 3-6: Details of samples analysed via X-ray µCT 
Mix Age Heat treated? Temperature (°C) voxel size (µm3) 
C1S1 
7   1.28 
28   1.59 
28  400 1.35 
28  800 1.24 
C2S1 
7   1.35 
28   1.62 
C1S2c 
7   1.35 
28   1.57 
28  800 1.57 
C1S2f 
7   1.42 
28    1.28 
C1S2c 
7   0.54 
7  200 0.54 
7  800 0.54 
28   0.53 
60   0.53 
C1S2f 
7   0.53 
7  200 0.54 
7  800 0.53 
28   0.53 
60    0.53 
 
Images were reconstructed using freely available dedicated Bruker software; NRecon. 
This was implemented to correct misalignment, reduce ring artefacts and correct against 
beam hardening, whilst allowing for brightness and contrast to be enhanced to improve 
subsequent segmentation. NRecon produces reconstructed slices which must then be 
converted into .bmp format so that they may be opened in DigiUtility; to this end, freely 
available IrfanView software was implemented. 
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3.3.7.3 Selection of a volume of interest (VOI) and porosity segmentation 
 
DigiUtility, developed by Structure Vision Ltd. was used to build VOIs from the 
reconstructed slices. A VOI is a segmented cubic volume of the total sample and 
provides a representative region of the sample to be analysed whilst ensuring that data 
processing remains possible with the memory limitations of the machine used for 
analysis (a dual-core desktop PC with 8GB RAM and a 3.2GHz processor).  
It is essential that the selection of each VOI is large enough to avoid the potential of 
errors or inaccurate results brought about by finite size error (Garboczi and Bentz, 2001). 
Previous studies (Provis et al., 2012) suggest that a VOI representing 100µm3 or greater 
than 3-5 times the size of the largest distinct feature of the sample is sufficient, however 
this assertion is highly dependent upon the composition of the sample and it is prudent 
and often essential to err on the side of caution and select a larger VOI to minimise 
uncertainty. In many previous studies it has been observed that VOIs in the region of 
2503 – 5003 are common (i.e. a cubic volume of edge length 250 pixels, for example) 
(Nakashima and Kamiya, 2007, Nakashima and Nakano, 2012, Nakashima et al., 2004, 
Altendorf, 2011, Bentz et al., 2000), particularly when subsequent random walk 
simulation is performed. In certain instances, VOIs may be outside of this range, for 
example (Lu et al., 2006) studied 2003 volumes and (Darma et al., 2013) investigated 
volumes of 6003; in the case of the former this ensured that only the bulk matrix was 
imaged and large aggregates were avoided, and in the latter this allowed for the large 
features of interest (cracks in this study) within the samples to be suitably investigated 
and the avoidance of finite size error. 
A preliminary study was necessary to determine a suitable VOI size for each of the 
mixes. Due to time constraints only 4 of the project mixes were studied, each at 7 and 
28 days, and with a number of heat-treated samples included (11 samples in total) for 
the complete list of samples studied via X-µCT see Table 3-6. 
For mixes C1S2c and C1S2f, in which both the OPC and slag were of a relatively typical 
PSD, with d0.5 values in the range 16-41µm, a VOI of 4003 was more than adequate to 
avoid any errors associated with finite size; the largest distinct features were roughly 
1/100th of the total volume. 
With the C1S1 and C2S1 mixes both containing Calumite (S1c) it was necessary to 
determine the suitability of 4003 VOIs, since the Calumite grains are of considerable size 
(d0.5 - 350µm as determined via laser diffractometry). In order to ensure that results are 
representative it has been necessary to increase VOI size to 6003. In order to ensure 
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that these VOIs were representative, a larger VOI was first constructed for each sample 
at sizes ranging from 1000x1000x600 to 1800x1800x600 (limited by cracking and 
surface effects present within certain samples). These large VOIs were segmented to 
determine the complete porosity for each sample, avoiding finite size error and local 
effects. Once porosity values had been calculated, VOIs (6003 voxels) which were 
deemed to be representative of each sample were created; limiting to this value ensured 
consistency and allowed for subsequent tortuosity measurements to be made via 
random walk simulation whilst avoiding issues associated with computational 
processing power, maintaining a cubic VOI also ensured that errors due to any 
anisotropic effects were minimised.  
This process of VOI selection often required some degree of trial and error to ensure 
that the selected volume both contained a typical volume of Calumite as found within 
the sample as a whole and had a porosity equal or very close to that of the large VOIs 
created in the previous step. 
Selection of a threshold value for each sample in order to define porosity is a 
fundamentally important step and previous studies (Provis et al., 2012) have shown that 
a slight change in segmentation point from the corresponding grey-level histogram can 
have a significant impact upon calculated porosity and yet further influence on the 
subsequently determined tortuosity. 
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Figure 3-10: segmentation of VOI to yield porosity - (left). Section through untreated 
VOI (right). Same section of VOI following thresholding and (bottom). Corresponding 
histogram with threshold point highlighted. 
 
Owing to the composition of the materials investigated in this study it was not possible 
to easily define a transition point, as is possible with other porous materials including 
sedimentary rocks (Nakashima et al., 2004, Nakashima et al., 2008) or igneous rock 
samples (Ikeda et al., 2000); nor was it feasible to accurately identify a mid-point in 
peaks between porosity and hydration products (as well as anhydrous material) as has 
been reported in studies investigating pure cement pastes (i.e. no replacement by slag 
or other SCM) (Gallucci et al., 2007, Bossa et al., 2015). 
From Figure 3-10 it is noticeable that there is no separation in peaks between pore 
space and solid phases. This was the case in a number of previous studies of cement 
pastes (Promentilla et al., 2009, Sugiyama et al., 2010b),  composite cements containing 
PFA (Promentilla and Sugiyama, 2010) and alkali activated binders (Provis et al., 2012). 
In each of these cases, and similarly in this study, it is necessary to use a global 
thresholding technique, aided by a visual inspection. Selecting the threshold point half-
way up the shoulder of the peak in grey scale gives a good starting point; aiding this 
with a comparison to the corresponding slices under investigation and modifying the 
selection as appropriate to provide the most realistic representation of the sample in line 
with our understanding of the microstructure of these systems. 
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3.3.8.3 Determination of tortuosity from random-walk simulations 
 
Each VOI was subsequently subjected to random-walk simulations to provide a 
quantifiable comparison of the inter-connectivity and tortuosity of the internal pore 
network. In-house software, DigiUtility (Structure Vision Ltd.), developed by Dr. 
Xiaodong Jia was used to perform this task with codes based on those developed by 
Nakashima (Nakashima and Watanabe, 2002, Nakashima and Kamiya, 2007) which 
have been implemented in a number of subsequent studies (Promentilla et al., 2009, 
Provis et al., 2012, Sugiyama et al., 2010b, Promentilla et al., 2008, Darma et al., 2013, 
Promentilla et al., 2016). 
For a thorough understanding of the development of the technique and the programs, 
one should consult the most authoritative paper on the subject prepared by (Nakashima 
and Kamiya, 2007) and for a more in depth understanding of the principles of percolation 
theory, the work of (Stauffer and Aharony, 1994) is recommended.  
The main points to note when conducting a random walk simulation are:  
 each random walk is a discrete lattice walk in a simple cubic lattice 
 Each walker is seeded at random anywhere within the pore space. 
 For each timestep () the walker will attempt to move to a face adjacent voxel, if 
the voxel corresponds to pore space the move is made, if it is solid the walker 
remains in its initial voxel but 1 timestep is recorded. 
 Only face adjacent moves are possible, edge connected and vortex connected 
voxels are not considered. 
 If the walker reaches the edge of the VOI, a mirrored boundary condition, as 
represented in Figure 3-11 will be observed. 
 Random walks should be of significant length ( ≥ 100,000) to ensure that they 
are well above the limit at which restricted diffusion begins. 
 A sufficient number of random walks (≥ 2000) should be performed in order to 
ensure that a representative value for tortuosity is obtained. 
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Figure 3-11: simplified representation of the mirror boundary condition employed. (a). 
A simple periodic boundary condition (b). a mirrored boundary condition yielding a 
continuous percolated pore network to ensure accurate estimation of tortuosity 
(Nakashima and Kamiya, 2007). 
 
Simulations were performed with 6000 random walkers per sample, each moving for 
400,000 timesteps (). Preliminary simulations were performed over a range of values 
from 2000 to 10000 walkers and with  values from 200,000 – 2,000,000 in order to 
determine the minimum cut-off point for which a representative tortuosity value would 
be obtained (in order to minimise computation time. Very similar results to those 
obtained by Provis et al. (2012) were observed. It was thus determined that maintaining 
matching values, which corresponded to significantly above the ‘cut-off’ value was 
suitable, whilst not significantly increasing computation time nor risking system crashes 
through overloading. 
VOIs of 4003 or 6003 (for Calumite containing mixes, C1S1 and C2S1) were found to be 
representative, as discussed above. Attempts to increase the size further and conduct 
random walk simulations was not possible due to processing power limits. However, 
every effort was made to ensure that VOIs were representative of the whole bulk matrix. 
Tortuosity (T) is defined as the mean square ratio of diffusive displacement within the 
porous media as a function of diffusive displacement in free space, where – 
𝑇 =  
𝐷0
𝐷(𝑡)
=  
𝑎2
𝑑〈𝑟(𝑡)2〉
𝑑𝜏
 
As t and    
83 
 
 
 
Where –  
D0 is the diffusion coefficient of the walker in free space without solids (e.g., H2O self-
diffusivity in bulk water). 
D(t) is the diffusion coefficient of the walker within the porous media at time t. 
a is the lattice constant of the simple cubic lattice (i.e., the dimension of a cubic CT 
voxel); 
 is the dimensionless integer time. 
With a suitably high value for  and a large number of random walks performed per 
sample, it is possible to determine a geometrically meaningful tortuosity value for each 
sample VOI. Each corresponding tortuosity value is intimately linked to the restricted 
diffusion characteristics of the sample; through ensuring that the VOI analysed for a 
given sample is representative of the bulk matrix it is possible to elucidate the 
interconnectivity of the pore network within a grout. 
 
Figure 3-12: Example trajectory (400,000 timesteps) in 3 orthogonal planes of random 
walker in segmented pore space within C1S2c system at 28 days 
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Figure 3-12 shows the route taken by an example random walker in free space within 
the pore network of a segmented VOI. This process is repeated 6000 times per sample 
and the raw data is analysed to determine statistically meaningful results for each 
sample. As the figure shows, the random walker in this instance passed through the 
edge of the segmented VOI and observed the mirror boundary condition (Figure 3-11), 
visible in the top right and bottom left images of the figure. 
Figure 3-13 gives examples of random walkers for a variety of samples at a range of 
ages and with or without heat-treatment. Whilst it is not possible to make clear 
comparisons across the samples from these isolated examples, it is interesting to note 
that there appears to be a reduction in pore connectivity as a function of time (from 7 to 
28 days) and then a significant increase in connectivity, and an associated reduction in 
tortuosity, as a result of heating to 800°C 
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Figure 3-13: Trajectories of walkers within the digitized pore networks of segmented VOIs in 
3 dimensions, representing the C1S1 system at 7 days, 28 days and at 28 days following 
heat-treatment to 800°C 
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3.3.9 Gas Permeability (Leeds cell) 
 
3.3.9.1 Principle of measuring gas permeability 
 
The permeability of a waste package is a significant parameter to be considered since 
it will directly impact the rate at which non-chemically bound waste species are able to 
migrate into the biosphere. There exist a large number of experimental devices which 
have been developed in order to determine the steady state gas (and liquid) permeability 
within cementitious materials by means of application of a constant pressure through a 
sample mounted within a tri-axial pressure cell with unidirectional flow (Cabrera and 
Lynsdale, 1988, Loosveldt et al., 2002, Dinku and Reinhardt, 1997, Poon et al., 1986, 
Hearn and Mills, 1991). 
Gas permeability is often used as a qualitative indicator towards durability and service 
life predictions, since permeability plays a significant role in governing the rate at which 
aggressive or deleterious species may enter the material. Similarly, the permeability will 
play a significant role in controlling the rate at which unbound waste species (as could 
be present within the materials investigated herein, in practice) are able to migrate into 
the surrounding area. Since pH is also a key factor affecting radionuclide solubility and 
mobility, it is also important that the rate of carbonation is as low as possible. As 
carbonation is driven by the gas diffusivity of the material, this test may also be seen as 
a qualitative comparative measure of carbonation resistance potential. 
 
3.3.9.2 Sample preparation and experimental setup 
 
Cylindrical samples (27.5 ± 0.25 mm in diameter and 35 ± 3 mm in height) were cast in 
triplicate in individual plastic containers and stored in sealed conditions at 20°C and 98% 
RH for 28 days. Samples were oven dried at 50°C, until constant weight, as outlined in 
Section 3.3.4 and the top and bottom surfaces were removed with coarse SiC paper to 
expose the internal pore structure. Removal of the outer surface ensured consistency 
across samples and avoided any surface effects impacting upon the accuracy of 
measurements. 
A number of samples were heat-treated prior to analysis to assess their resilience to a 
potential fire, or similar catastrophic event within a deep geological facility. Samples 
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were heated to temperatures of 200, 400 and 800°C with residence times of 30 minutes. 
All samples were subsequently oven-dried to constant weight as outlined above. 
Analysis was performed using the Leeds cell gas permeameter; samples were weighed 
and measured using digital Vernier Callipers before being placed into the Leeds Cell 
(Figure 3-14). The sample (S) is placed into the rubber holder (A), which is then enclosed 
within the plastic sleeve (B); this is then placed into the analysis cell with the metal O-
ring (C) placed on top before the system is sealed with the cell lid [fitted with a pressure 
gauge] (D) and closed to be air tight. 
 
Figure 3-14: Components of the Leeds cell 
 
Gas (in the case of this study, N2) is then forced through the sample at a known, constant 
pressure (between 1 and 4 bar). Time is allowed for the sample to equilibrate and reach 
a steady rate of gas flow through the sample (this generally takes roughly 15 minutes). 
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With the aid of a bubble flow meter, the time taken for a known volume of N2 to pass 
through the sample is recorded and the intrinsic permeability is determined via the 
application of the following modified D’Arcy equation – 
𝐾 =
2𝑃𝑜𝑢𝑡𝐿
𝐴(𝑃𝑖𝑛
2 − 𝑃𝑜𝑢𝑡
2 )
 
Equation 11 
 
Where – 
Pout is the pressure at which the flow rate is measured (atmospheric, 1.01325 Bar) 
 is the flow rate, measured in cm3/s 
L is the length of the specimen, in meters 
 is the viscosity of N2 at ambient temperature (1.756 x10-6 at 22°C, the lab temperature) 
A is the cross-sectional area of the specimen in m2 
Pin is the inlet pressure (bar). 
 
3.3.9.3 Determination of intrinsic permeability 
 
Samples were analysed in triplicate to ensure that a representative result was obtained 
for each mix design. It was known prior to testing that cracking within samples has a 
significant impact upon the obtained permeability measurement and in some cases 
resulted in samples too damaged to accurately or reasonably determine a result. Within 
the present study it was not possible to test samples which had been subjected to heat-
treatment up to 800°C as cracking was so severe that it was not possible to measure 
flow, even at the lowest operating pressures of the equipment.  
Testing of three samples per mix design ensured that any samples which had suffered 
from cracking or damage during drying could easily be identified and these results 
omitted. This was necessary during preliminary testing; however, omission of outlying 
results was not required for the samples included in the current study. Some shrinkage 
cracking was observed within certain samples; this will be discussed in more detail in 
the results section. 
In order to determine a true value for the intrinsic permeability of samples, the average 
flow rate and hence permeability at 3 applied pressures was determined for each 
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sample. Figure 3-14 shows the determination of the intrinsic permeability, a line of best 
fit is applied to the values obtained and the calculated value for intrinsic permeability is 
the intercept point of the line extending through the Y-axis (where applied pressure = 0). 
 
 
Figure 3-15: Determination of intrinsic permeability for sample C1S3c hydrated for 28 
days and hydration stopped via oven drying at 50°C 
 
3.3.10 Sorptivity 
 
3.3.10.1 Principle of sorptivity testing 
 
The determination of sorptivity of a cementitious material is a relatively quick and simple 
procedure. The experimental procedure applied in the current study, as within many in 
the relevant literature (Hall, 1989, Lockington et al., 1999, Tasdemir, 2003, Wong et al., 
2009, Güneyisi and Mermerdaş, 2007) provides high quality, repeatable and 
reproducible results via application of a very simple test (Hall, 1989). 
Sorptivity is known to be strongly influenced via a number of compositional parameters, 
including water content, binder type, curing period, pre-conditioning method and the 
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presence or otherwise of aggregates (Wong et al., 2009). Since the samples within the 
present study have equal water content, curing period and have all been prepared, 
stored and pre-conditioned simultaneously, under the same conditions; it is assumed 
that all variations in performance are a result of microstructural differences brought 
about by disparities in mix designs and anhydrous powder composition. 
In order to obtain quantifiable and meaningful results it is necessary to first completely 
remove all unbound water from each sample, thus ensuring that the initial saturation 
conditions are equal. As discussed by (Hall, 1989), samples that have varying initial 
degrees of saturation will exhibit inconsistent rates of absorption and there will not be a 
linear relation between mass change and T1/2, as is observed in a large majority of 
inorganic building materials, and likewise those included in the present study.  
 
3.3.10.2 Sample preparation and experimental setup 
 
The same samples as had been used for permeability testing were used to determine 
sorptivity. The lower 15-20mm of the sides of each sample was carefully coated in a 
layer of petroleum jelly, taking care as to not contaminate the bottom surface of the 
cylinder. Once coated, the samples were weighed using a set of Ohaus Precision 
Standard scales (accuracy ±0.01g). 
 
Figure 3-16: experimental setup for sorptivity testing, modified from (Tasdemir, 2003) 
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Samples were placed on top of small mesh stands within a pan containing potable water, 
maintained at 5mm above the base of the sample, as illustrated in Figure 3-16. Mass 
change was recorded as a function of the square root of time (T1/2) and the sorptivity 
coefficient for each mix was calculated via the application of the following equation – 
𝑄
𝐴
= 𝑘√𝑇 + 𝑐 
Equation 12 
Where –  
Q is the volume of water adsorbed (cm3) 
A is the cross-sectional area of specimen in contact with the water (cm2) 
T is the time (minutes) 
k is the sorptivity coefficient (cm/min1/2); and 
c is an arbitrary constant, a result of filling of open surface pores at the onset of the 
experiment 
 
k is determined through plotting 
𝑄
𝐴
 against √𝑇; where k is the slope of the linear 
relationship. 
 
3.4 Summary 
 
The techniques applied within the present study represent the most effective means of 
assessing and following hydration and microstructural development of composite 
cement systems. This is the most rigorous investigation into cementitious materials that 
are used in the treatment of nuclear waste in the UK and how their hydration and 
subsequent performance are impacted by changes in powder composition. 
Applying such a suite of techniques has allowed for the ramifications of changes to 
supply to be thoroughly investigated, with the impacts of changes to the chemistry and 
particle size distributions (PSD) of the different cementitious powders compared and 
contrasted. 
This study represents the first time in which X-ray µCT has been applied to probe the 
microstructural development of cementitious grouts for nuclear waste treatment, and 
with very high resolution, on untreated samples. Further, investigation into heat-treated 
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samples has shown the resilience, or otherwise, of these grouting formulations of 
various compositions. 
Subsequent analysis of results from X-ray µCT in which a recurring Monte Carlo 
simulation was performed to investigate the interconnectivity of the percolating pore 
networks of the various systems, has allowed for these results to be quantified into 
statistically meaningful values. 
Gaining insight into the engineering performance of grouting materials is crucial in order 
to provide a baseline from which long-term in service performance can be accurately 
and confidently predicted and planned for. Clearly, there are limitations to the degree to 
which these results remain relevant and pertinent; however, critically evaluating 
permeability and sorptivity (following exposure to temperatures as would be experienced 
within a fire scenario) provides significant insight into performance of the various grout 
compositions studied. 
The key objective of the testing procedures employed within the present study was to 
gain significant insight into the relationship – 
Composition      hydration      microstructure      performance 
Whereby the techniques should provide the greatest possible insight into the impacts 
that changes to composition have upon hydration and microstructural development; and 
ultimately what this means for subsequent performance. 
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4. Hydration, 
microstructural development 
and engineering 
performance of cementitious 
grouts for ILW 
encapsulation 
 
Hydration of both OPC and SCMs such a slag may be determined via a number of direct 
and indirect methods. Following hydration of the clinker component and the slag within 
these systems both present their own challenges. Through applying a range of 
techniques, it has been possible to assess the impact of changes to the chemical and 
physical composition of the anhydrous materials upon the rate and degree of their 
hydration. 
4.1 Early age grout hydration 
4.1.1 Bound water and portlandite content determined via thermogravimetric 
analysis (TGA) 
Determination of the bound water content of a grout is a quick and simple method for 
identifying continued hydration. In neat Portland cements the technique generally 
provides consistently good results (Pane and Hansen, 2005) but the complexities 
induced by the blending of OPC with SCMs make the technique less useful for 
composite cements (Scrivener et al., 2015b, Massazza, 1998). Nevertheless, provided 
that suitable sample preparation has been performed and consistent parameters are 
applied, results will provide some insight towards hydration. 
Gruyaert (2011) applied a modified version of the equation proposed by Pane and 
Hansen (2005) in an attempt to provide an estimate towards weighted degree of 
hydration from bound water content. The results of Gruyaert (2011) proved inconclusive 
but did appear to give a quick and simple indication towards continued hydration. The 
findings of Darquennes et al. (2013) seemed to contradict the findings of other studies 
in suggesting that higher levels of replacement by slag accelerate slag hydration. 
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Analysis of bound water, therefore, provides a quick and simple representation of 
continued hydration but is limited in providing any more insightful information. 
Figure 4-1 shows the increase in bound water content with time as hydration proceeded 
within the investigated mixes. Hydration within these samples proceeded more slowly 
than would be observed in a typical grout for construction purposes given the high level 
of replacement by slag. Further, hydration is likely to be even more retarded, especially 
at early age, in relation to more standard composite cement blends. This is due to the 
higher PSD and hence lower SSA of the clinker component, but more significantly the 
slag fraction within these grouts. Similar results were obtained by Whittaker (2014) and 
Gruyaert (2011) in slag composites with high levels of replacement by slag. 
 
Figure 4-1: Bound water content as a function of time 
 
A gradual increase in bound water content was observed for all samples as hydration 
proceeded; this increase in bound water slows with time as rate of hydration decreased. 
This retardation from 28 to 365 days was most marked in the C1S1 and C2S1 samples, 
likely due to the lower later age hydration of the slag within each mix. The presence of 
the much larger Calumite grains (accounting for 35%wt of the slag in both mixes) served 
to reduce total slag hydration without significantly affecting early age hydration; in both 
96 
 
 
 
instances, the hydration of the much finer S1f was likely accelerated due to both its 
increase in specific surface area and the availability of a comparatively higher volume 
of water to drive the hydration reaction.  
The one slightly surprising finding relates to the early age results for the C1S2f samples. 
These sample are shown via other methods to hydrate to a much higher degree within 
the first 7 days. However, bound water contents at these ages were similar to the other 
systems. At later ages, bound water contents were higher than for all other samples but 
the disparity was not as high as might be expected when considering the variation in 
degree of hydration. 
Portlandite contents, as determined via the tangent method, are shown in Figure 4-2. 
Results are comparable to those obtained by Borges et al. (2010) at the same slag 
loading and prepared with materials of very similar chemical and physical composition. 
Portlandite content was much lower than in pure OPC systems (Taylor et al., 1985a) but 
also lower than determined in composite cements with lower levels of replacement by 
BFS (Monteagudo et al., 2014, Taylor et al., 1985b, Whittaker et al., 2014). 
 
Figure 4-2: CH content as a function of time, determined via TGA 
Figure 4-2 shows a comparatively lower portlandite content within the C1S2f system, 
which was expected since the finer slag was expected to hydrate to a higher degree. 
Within this mix, the CH content decreased with time, contrary to the results for all other 
mix designs. This reduction in CH content suggests a higher rate of later age slag 
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hydration in which some of the CH present within the hydrating matrix is consumed in 
the formation of secondary C-S-H. A consistent portlandite content with time was 
observed with all other mixes, in agreement with a large number of previous studies with 
a wide range of level of replacement by BFS (Harrisson et al., 1986, Taylor et al., 1985b, 
Whittaker et al., 2014, Hinrichs and Odler, 1989). 
The presence of portlandite within grouts at high levels of replacement is not in 
agreement with predictions made by thermodynamic models (Atkins et al., 1990, 
Lothenbach et al., 2011, Chen, 2006). Within these models the degree of slag reaction 
was assumed (Chen and Lothenbach assumed 70% and 75% hydration respectively); 
with these levels of hydration not reached at higher levels of replacement, as within this 
study. A further factor which is believed to contribute to the presence of residual 
portlandite, even at later age is the lack of available space into which hydrates can grow 
(Berodier and Scrivener, 2015, Berodier, 2015). This pore filling clearly has a significant 
impact, leading to a significant retardation in later age slag hydration which is 
exacerbated within this study since the w/b ratio (0.35) was much lower than in many 
previous studies and significantly lower than would be typical in construction 
applications. 
The presence of some Portlandite within these grouting materials is generally seen to 
be advantageous since it will maintain the high internal pH of the waste package and 
reduce the solubility of a number of radioactive species.  
 
4.1.2 Determination of degree of hydration and microstructural development from 
BSE-IA 
 
Whilst samples younger than 2 days were not analysed in the present study (Figure 
4-3), results at this age were similar to those obtained in previous investigations (Kocaba 
et al., 2012), with around 50% of clinker having hydrated. This is not surprising since in 
both this study and the work of Kocaba (2010) the filler effect was significant, leading to 
enhanced clinker hydration (Berodier and Scrivener, 2014). The effect of shear from the 
slag within each system coupled with a dilution effect appear to be the key factors in 
accelerating early age clinker hydration.  
Samples analysed via BSE-IA were 10mm in diameter and 2mm thick; and prepared as 
outlined in Section 3.3.7.3. The total area analysed per sample was equal to 
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approximately 2.4 x 1.8 mm given the magnification of 800x and the grid analysis 
technique, covering 7x7 images (plus 1). 
 
Figure 4-3: Evolution of clinker hydration from BSE-IA 
 
At lower levels of replacement (40%), Berodier and Scrivener (2014) determined that 
the specific surface area of the SCM or filler (inert quartz) was significant in the degree 
to which clinker hydration was enhanced. Similar results may also be extracted from the 
work of Kocaba (2010) and appear consistent irrespective of clinker source. It is also 
highly probable that the disparity in alkali content in the slags within the aforementioned 
study may have an impact and contribute to the disparity in clinker hydration at early 
age within that study. 
Within the present study, at higher levels of replacement by slag (75%) there was not 
the same incongruence as a result of the SSA of the slag. It is proposed that since the 
level of replacement in this study was very high, clinker hydration was restricted more 
by physical factors including dissolution rate, availability of space and the surface to 
volume ratio of the clinker itself; the result being that there was no discernible difference 
between results other than for the C1S3c system. The lower rate of clinker hydration at 
early age within the C1S3c system (Figure 4-3) may have been a result of a lower alkali 
content of the slag fraction within this grout. At 365 days the level of clinker hydration 
was comparable across all mix designs and was similar, although perhaps slightly lower, 
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than results obtained in previous studies with higher w/b ratios and/or lower slag loading 
(Whittaker et al., 2014, Kocaba et al., 2012) and slightly lower than in blends prepared 
with a higher level of slag replacement (Utton, 2006). 
The degree of hydration (DoH) of the slag fraction within each grout was determined at 
a range of ages from 2 to 365 days via BSE-IA. Owing to the high level of slag 
replacement, low early strength development and complications surrounding hydration 
stopping; 2 days was determined to be the lowest achievable age at which to prepare, 
mount and analyse samples. 
 
Figure 4-4: Evolution of slag hydration with time from BSE-IA 
 
Slag hydration was typically very low at early age due to the relative coarseness of the 
slag fraction (in all but the C1S2f mix) and the high slag loading of the mixes. Hydration 
proceeded gradually at early age but continued hydration began to diminish with time, 
a result of a combination of factors but largely governed by the availability of pore space 
to accommodate hydration products (Berodier and Scrivener, 2015). This reduction in 
later age hydration appeared less prevalent in the C1S2f system, which is surprising 
since this grout showed the highest degree of slag hydration at all ages. 
The chemical composition of the slag fractions appeared not to have a significant impact 
upon rate and degree of hydration, with all other factors remaining constant, (compare 
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C1S2c and C1S3c). Similar rates and overall degrees of hydration were observed, 
despite the disparities in both C/S ratio and alkali content, with S2c having preferable 
values to S3c for both (C/S of 1.20 compared to 1.125 and combined alkali content of 
0.77 compared to 0.61 % Na2Oequivalent) both early and later age degree of hydration 
agreed within the margin of error of the technique. 
The chemical composition and physical properties of the clinker component appeared 
not to have a dramatic impact upon slag hydration, with the results for C1S1 and C2S1 
being very similar at all ages. This also applies for the C1S2c and C2S2c samples, with 
minimal differences observed up to 28 days 
The key factor in controlling the rate and degree of slag hydration within the present 
study was the fineness of the slag fraction (Tan et al., 2014). The mix containing the 
finer slag (C1S2f) showed a comparatively much higher early age hydration with the 
disparity in relation to the other mixes remaining almost constant with time. 
The slag fraction accounted for by the much coarser Calumite grains in the C1S1 and 
C2S1 samples became increasingly significant with time as much of the finer slag 
reached its hydration limit and no Calumite hydration was observed. The dilution effect 
caused by the presence of Calumite at early age appeared to promote and accelerate 
the early age hydration of the remainder of the slag fraction within these grouts with the 
later age and overall degree of slag hydration suffering as a result. If degree of hydration 
of the Calumite is assumed to be 0%, the degree of hydration of the ‘non-Calumite’ slag 
within the C1S1 and C2S1 systems would be comparable to that of the slag in the C1S2f 
system. 
These results are generally in good agreement with those obtained in other 
investigations in which high levels (>65%) of replacement by slag have been studied, 
especially those in which the same technique has been applied with the same level of 
rigour (Whittaker, 2014, Utton, 2006). In all instances, there existed a large volume of 
unreacted slag after 1 year of hydration, with predictions based on modelling, and 
observations of much older samples (Taylor et al., 2010) suggesting that much of the 
slag present within systems such as these will remain anhydrous indefinitely.  
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Table 4-1: Rate of slag hydration (% of 28 day hydration) 
Time 
(days) 
C1S2c C1S2f C1S1 C2S1 C2S2c C1S3c 
2 43.6 58.3 27.0 43.4 32.4 36.6 
7 60.5 77.2 45.3 54.4 53.2 59.9 
14 87.2 94.2     
28 100 100 100 100 100 100 
56 114.2 110.0     
365 123.3 124.3 109.4 107.8  122.2 
 
Table 4-1 shows the degree of slag hydration relative to 28 days for all mix designs. 
What is clearly apparent is the high early age hydration of the fine S2f slag within the 
C1S2f system, relative to the coarser slag within all of the other mix designs 
investigated. The current and legacy grout formulations (C1S1 and C2S1) show 
comparatively slow hydration at very early age, and relatively low later age 
hydration (beyond 28 days). This reduced rate of hydration is due largely to the 
presence of the unreactive Calumite grains, which account for 35% of the slag 
fraction within these mixes. 
 
Determination of hydration of distinct clinker and slag phases, as well as measurement 
of ‘coarse porosity’ (discussed later) via the application of image analysis was a time 
consuming and labour intensive exercise. The results are, however, accurate and 
repeatable, providing significant insight into the continued hydration of composite 
cementitious materials. 
Comparing the results of the present study with those of previous investigations (Figure 
4-5) a number of observations become clear. It is important to first note the differences 
between the mix designs since they ultimately have an impact; in the work of both 
Whittaker (2014) and Kocaba (2010), all mixes were prepared with a w/b of 0.5, 
significantly higher than the 0.35 within this study. The slag powders were generally finer 
than the majority of those investigated here, and in most cases the grouts were prepared 
with lower levels of replacement by slag (40%). All of these factors would be expected 
to reduce overall degree of hydration. Previous studies suggest that rate of slag 
hydration appears not to have an impact on the rate of its hydration (Hinrichs and Odler, 
1989, Chen, 2006, Gruyaert et al., 2010) but clearly, there will be a marked reduction in 
total hydration. 
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Nevertheless, some interesting trends hold true. At 40% replacement, Kocaba 
suggested that slag fineness is a significant factor, particularly at early age. Further, 
Kocaba’s results match very closely those of the present study when comparing the 
‘coarser’ slags, until medium/late age at which point the impact of the disparity in w/b 
became increasingly significant and the availability of pore space for continued hydration 
became the dominant factor. 
 
Figure 4-5: Evolution of slag hydration of selected mixes from BSE-IA compared to the 
results of Whittaker (2014) and Kocaba (2010) 
 
 
The work of Whittaker provided similar results, slag loading did not appear to have a 
great impact upon rate of hydration at early age (Hinrichs and Odler, 1989), however 
there was a divergence between the 40% and 70% slag blends after 14 days. 
Clearly there are a number of factors which control degree of slag hydration; however, 
the results presented in Figure 4-5 strongly suggest that fineness is the dominant factor 
in controlling hydration of slag (Escalante et al., 2001). This is particularly visible at early 
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age and also at later age if other significant factors (slag loading and w/b) remain 
constant. 
 
 
Figure 4-6: Weighted degree of hydration of all blends as a function of time 
 
The term weighted degree of hydration relates to the estimated ‘total’ hydration of each 
grout at each time of testing. It is the combination of the hydration of the clinker phases 
(accounting for 25% of the weighted value) and the hydration of the slag phases 
(accounting for 75% of the weighted value) to give a relatively precise estimate of total 
hydration. There is clearly an associated error for these values, but since they are based 
on calculations rather than analysis of a number of samples, error bars have not been 
added. 
Figure 4-6 highlights that weighted DoH is largely governed by slag hydration, since it 
accounts for 75% of material in each mix and since clinker hydration is very similar 
across all mix designs (Gruyaert, 2011, Utton, 2006). Clearly, slag fineness is the most 
significant factor in both rate and degree of grout hydration. 
It also appears, although not conclusively, that clinker type appears to have a small 
influence upon weighted DoH; this may, however, just be coincidence since the 
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difference is within the margin of error of the technique, especially since results have 
been combined. 
The continued hydration of each mix, as plotted in the figures above, is clearly visible 
through observation of corresponding micrographs.  
Figure 4-7 shows the hydration within the C1S1 system from 2 to 365 days, with clear 
pore filling occurring as a result of continued clinker and, later, slag hydration. There 
remained a high volume of anhydrous material even after 1 year, most notably the large 
Calumite grains show no visible signs of hydration. A considerable degree of slag 
hydration appeared to have occurred between 7 and 28 days, consistent with the results 
plotted in Figure 4-4. 
 
 
Figure 4-7: Microstructural development of C1S1 system at ages 2-365 days imaged 
at 800x magnification 
 
The apparent lack of hydration of Calumite might best be explained by the comparatively 
low specific surface area of these large grains relative to that of both the clinker and the 
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much finer slag within both the C1S1 and C2S1 grout formulations. Clearly, given the 
chemical composition of the materials, the clinker phases hydrate most rapidly. 
Following this, the conditions within the hydrating matrix are preferable for slag hydration 
(with CH presence elevating pH), at which point the fine slag begins to hydrate, filling 
much of the capillary porosity. Hydration of the large Calumite grains is hindered both 
by the reduction in surrounding capillary porosity and the reduced availability of unbound 
water with which to react coupled with the reduced CH content and pH due to hydration 
of the much finer slag fraction. 
Similar results to those for C1S1 can be seen for the C1S2c system, as shown in Figure 
4-8. Again, slag hydration was low at early age with large volumes of both pore space 
and anhydrous material visible at 2 days and 7 days. As with the results for C1S1, a 
clear filling of pores can be observed between 7 and 28 days. A significant volume of 
anhydrous material remained at 365 days with clinker phases and areas of CH still 
visible. 
Many of the larger sized slag particles showed limited hydration, but hydration rims are 
visible, unlike the significantly larger Calumite grains present within the C1S1 and C2S1 
systems. Likewise, the slag grains here seemed well bound within the hydration 
products of the cementitious matrix, with results suggesting that this is not always the 
case for the larger grains in these other mix designs. 
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Figure 4-8: Microstructural development of C1S2c system at ages 2-365 days imaged 
at 800x magnification 
 
Micrographs for the C1S2f system are shown in Figure 4-9; slag hydration at early age 
has proceeded much more rapidly than for all of the other systems studied and this has 
resulted in a considerable reduction in observable, or coarse, porosity at 2 and 7 days. 
Where coarse porosity is anything over 0.3µm since this is the resolution limit of this 
technique at these operating parameters (analysing samples at 800x mag. with a 
resolution of 2048x1624 pixels) allows for identification of features with a minimum size 
of 2x2 pixels, or around 0.3µm. 
Hydration between 7 and 28 days continued at a comparable rate to the other samples 
shown above, with porosity continuing to decrease as new hydrates filled larger capillary 
pores. Slag hydration proceeded at an ever decreasing rate up to 365 days, at which 
point the observable porosity (hereafter referred to as ‘coarse porosity’) appeared to be 
all but filled with hydrates. A small quantity of anhydrous clinker as well as CH remained 
visible. 
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Figure 4-9: Microstructural development of C1S2f system at ages 2-365 days imaged 
at 800x magnification 
 
These findings are in agreement with those observed via thermogravimetric analysis 
where a gradual increase in bound water content was found. Results at 28 days were 
largely in agreement, suggesting that determination of bound water may potentially be 
suitable as an initial qualitative measure of weighted DoH (if samples are prepared with 
a matching w/b and slag loading), but that detailed or quantitative results are not 
possible. 
The mix design C1S2f was the only to experience a drop in CH content with time, 
suggesting possible consumption at higher levels of slag hydration but still far from 
complete CH consumption even at these relatively high levels of replacement by slag. 
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Figure 4-10: Coarse porosity as a function of time, determined via BSE-IA 
 
At early age, the C1S2f system showed the lowest coarse porosity (Figure 4-10), owing 
to the higher weighted degree of hydration (Figure 4-6). At 2 days, the C1S1 and C2S1 
systems showed the 2nd and 3rd lowest porosity values despite a comparatively lower 
degree of hydration of slag (Figure 4-4). The presence of the much larger Calumite 
grains, which appear to be unreactive, serve merely to fill space within the hydrating 
matrix; as a result of their presence, coarse porosity is lower at a comparable weighted 
degree of hydration (Figure 4-6) and is comparable to all other formulations studied at 
365 days, despite a lower weighted hydration degree. 
Porosity of these grouting materials is a very significant factor, since porosity essentially 
governs permeability and the rate at which deleterious species may enter the waste 
packages, or the rate at which mobile species are able to leach out into the surrounding 
biosphere. A reduction in coarse porosity has clear ramifications upon the rate at which 
leaching will occur but also will affect the rate at which waste packages will begin to 
degrade after significantly long periods of time within a GDF setting. 
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Comparison of the C1S2c and C1S3c systems indicates that chemical composition of 
the slag fraction has little impact, with similar degrees of slag hydration and weighted 
DoH at all ages; resulting in similar calculated values for coarse porosity. 
Clinker composition appeared significant at early age (compare C1S2c and C2S2c), 
with the mix containing the finer clinker (C2) displaying a slightly higher weighted DoH 
and a corresponding lower coarse porosity ( 
Figure 4-10). This trend continued with the C1S1 and C2S1 samples but the disparity at 
early age was less significant, possibly a result of the presence of the larger Calumite 
grains. 
Coarse porosity values obtained within this study were much higher at early age than in 
a number of previous studies using the same technique (Whittaker, 2014, Ogirigbo, 
2016). This is a result of a lower overall degree of hydration, caused by the 
comparatively high level of replacement by slag (Gruyaert, 2011, Lumley et al., 1996). 
These comparatively high results are despite the lower w/b used for the mixes studied 
here. Following continued hydration at later ages values are in line with those found in 
other studies (Whittaker, 2014, Kocaba, 2010), where continued slag hydration is 
serving to fill much of the coarser pore space (Berodier and Scrivener, 2015). 
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4.1.3 Following early age hydration by means of chemical shrinkage (dilatometry) 
and isothermal conduction calorimetry 
 
4.1.3.1 Dilatometry 
Figure 4-11 shows the total mean chemical shrinkage of each mix (from results obtained 
in triplicate). Continued hydration occurred for all mix designs, but at varying rates. 
Clinker source appeared to have an impact at early age, with the C2 containing mixes 
initially experiencing higher rates of shrinkage. These observations were consistent with 
results from BSE-IA; suggesting that the finer clinker hydrated more rapidly and 
enhanced conditions for early age slag hydration. However, this enhanced rate of 
hydration was not maintained. In both cases, comparable rates of hydration were 
reached at around 9 and 14 days respectively when comparing C1S1 with C2S1 and 
C1S2c with C2S2c. 
 
Figure 4-11: Evolution of chemical shrinkage for all project mixes up to 28 days 
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For each mix design, a comparable set of samples was prepared with inert quartz of 
matching particle size distribution replacing the slag fraction. The corresponding curve 
for each ‘filler’ system was subtracted from the original in order to isolate the contribution 
of the slag fraction towards shrinkage; results are plotted in Figure 4-11. Testing was 
repeated several times for a number of samples with consistent results obtained 
throughout. Deviation between results across each run was very low, standard error 
bars would not be visible were they to be added to the associated figures. 
 
 
Figure 4-12: Isolated shrinkage as a result of slag hydration for all mix designs 
 
As can be seen in Figure 4-12, there existed a degree of variability across mix designs. 
In order to account for this discrepancy, chemical shrinkage and ICC data were 
calibrated against degrees of slag hydration from BSE-IA to produce calibration values, 
as shown in Table 4-2 and Table 4-3 respectively. Whilst it is not possible to use the 
chemical shrinkage method independently to determine slag hydration, when coupled 
with a suitable accurate direct method, such as image analysis at later age, it provides 
very accurate in line results at early age and up to 28 days (Berodier, 2015). 
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Analysis was repeated up to 56 days in the case of the C1S2c and C1S2f mix designs. 
In both instances, samples continued to shrink beyond 28 days but at an ever 
decreasing rate, bringing into question the validity of the measurements at later age and 
the suitability of the technique beyond this initial period.  
Figure 4-13 shows the average results from this 56-day run, with results also plotted for 
the corresponding quartz replacement mixes. Within these mixes, the slag fraction is of 
the same source and hence of matching composition, with the only variable being the 
fineness and hence specific surface area. It can be seen that this change in physical 
composition has a significant impact upon hydration and, hence, chemical shrinkage. At 
this high level of replacement, it would appear that the fineness of the SCM or filler has 
negligible impact upon the rate of clinker hydration, as highlighted by the similarity in 
results for the two quartz replacement samples plotted in Figure 4-13. Clearly, slag 
fineness is highly significant for its own hydration (Tan et al., 2014), but the filler effect 
due to increased provision of nucleation sites has minimal impact on clinker hydration 
at these high levels of replacement. 
 
Figure 4-13: Evolution of chemical shrinkage for C1S2c and C1S2f and associated 
quartz blends over 56 days 
Figure 4-14 gives the isolated shrinkage as a result of slag hydration for the C1S2c, 
C1S2f and C1S3c systems over 28 days. Comparing the C1S2c and C1S2f systems, it 
is clear that slag fineness plays a significant role in early age hydration, with a substantial 
difference in results over the first 7 days following casting. From this point onwards, 
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hydration of the two mixes proceeded at a very similar rate, very much in agreement 
with results obtained via BSE-IA over the period 7-56 days (Figure 4-4). 
Comparing C1S2c with C1S3c there was a degree of disparity, particularly at early age 
but in general the results appear close, suggesting that whilst slag chemistry 
undoubtedly had some impact upon hydration, fineness played a more crucial role. 
 
Figure 4-14: Chemical shrinkage as a function of slag chemistry and fineness 
 
4.1.3.2 Isothermal conduction calorimetry 
 
Heat of hydration is a significant factor when designing grouting matrices for the 
treatment of ILW. Since waste packages are typically large (500L drums or 3m3 boxes) 
and require a significant volume of encapsulating grout, it is important to understand the 
heat evolution profiles, since a very large exotherm could potentially lead to thermal 
cracking in the centre of a conditioned waste package. The grouts studied here are well 
below the specification limits for peak or cumulative heat evolution and therefore there 
would be no chance of thermal cracking occurring if they were to be utilised. Note that 
the highest peak heat of the mixes investigated was shown by the current, C1S1 (Figure 
4-15) and legacy, C2S1 (Figure 4-16) formulations; with these results being consistent 
with those obtained industrially (Carruthers and Collier, 2013). 
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Figure 4-15 shows the heat flow of all mix designs prepared with clinker C1 over the 3 
days following casting. It is apparent that slag fineness plays an important role in early 
age clinker hydration (Berodier and Scrivener, 2014), but beyond a few days the 
significance of slag (or other SCM) fineness becomes increasingly less significant. What 
is also apparent from the results here is that slag fineness not only governs the rate of 
clinker hydration to some degree, but increasing slag fineness has a coupled effect of 
increasing slag reactivity at early age through increasing surface to volume ratio and 
improving conditions within the hydrating matrix by accelerating clinker hydration. 
Although not shown here, the rate of heat release for the C1S2f system remained higher 
than for the other mixes investigated for the first 6 days, after which the rate of heat 
release was comparable. This is in agreement with the results observed in both BSE-IA 
(Figure 4-4) and chemical shrinkage (Figure 4-13), in which the finer slag was observed 
to hydrate more rapidly at early age; beyond which, rates of hydration were similar 
across all mix designs. 
 
Figure 4-15: Heat evolution of C1 systems over 3 days 
 
Figure 4-16 shows the results for the two systems based on clinker C2. These findings 
were very much in agreement with those observed above in Figure 4-15, whereby the 
finer slag fraction included in C1S1 and C2S1 promoted early age clinker hydration. 
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These effects were short-lived as dissolution continued and the filler effect due to 
nucleation was no longer significant and was superseded by the dilution effect (Berodier 
and Scrivener, 2014). 
Through comparing the early age hydration of the C1S2c (Figure 4-15) and C2S2c (
 
Figure 4-16) systems, it is clear that clinker fineness was highly significant in determining 
its early age hydration; peak 1 was much more pronounced for the C2S2c system and 
showed a much slower deceleration that C1S2c. At 2 days, all but the C1S2f system 
displayed comparable levels of heat of hydration, suggesting that beyond this point, slag 
fineness is the key parameter in determining continued hydration rate of the grouting 
systems. 
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Figure 4-16: Heat evolution of C2 systems over 3 days 
 
Heat due to slag hydration has been isolated (Figure 4-17) in the same way as described 
for chemical shrinkage; samples were prepared with quartz of matching PSD replacing 
the slag fraction. Since the exact enthalpy of each slag was not known, and there were 
a number of additional factors to consider, it is not a direct measure of hydration. 
Corroboration with a direct method was required; in this instance BSE-IA (Figure 4-20 
and Table 4-3) to determine a calibration factor for each mix design. 
The finest slag, S2f, liberated the greatest heat of all the investigated mixes; which was 
not surprising and is in agreement with results from BSE-IA (Figure 4-4). The slightly 
anomalous result here pertains to slag S3c, within the C1S3c system. It may be that 
additional interactions were occurring within this grout formulation that cannot be 
accurately quantified via this technique. Later comparison will show that these results 
showed the weakest correlation to BSE-IA, with a significantly different calibration factor 
to the other mixes studied herein. 
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Figure 4-17: Isolated heat due to slag hydration within all grouts 
 
Testing of the C1S3c system was repeated on numerous occasions with repeats 
performed across a range of channels within the TamAir system; all results were in 
agreement, suggesting that other, at present unexplained, interactions were occurring 
between the slag and clinker phases within this grout. If we compare the degree of slag 
hydration from BSE-IA (Figure 4-4) and ICC (Figure 4-14) it was slightly lower than the 
comparable C1S2c system, but not to such an extent that would explain this disparity in 
heat evolution. 
 
1.1.4 Corroboration of methods to determine hydration kinetics 
 
Both chemical shrinkage and ICC provide a powerful means of following early age 
hydration, but these indirect methods cannot independently quantify isolated slag 
hydration within a cementitious material. As such it is necessary to corroborate each 
with a suitable direct method (in this instance, BSE-IA). 
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4.1.4.1 Chemical shrinkage coupled with BSE-IA 
 
Calibration factors, using the results for each sample at 28 days are shown in Table 4-2. 
These factors have been calculated as a means of following and assessing hydration of 
the different samples and highlight the variability across mix designs – indicating that 
there is not a simple and universal relationship between rate of shrinkage and degree 
of slag hydration. Similar results contrasting heat of hydration with degree of slag 
hydration are shown later. 
There is no strong relationship between calibration factors and other mineralogical or 
physical properties within the results shown here. However, all calibration factors were 
in agreement to within a factor of 2. The highest calibration factor value obtained, for the 
C1S1 system; and the lowest value for the C1S2f system, represent the mixes in which 
the lowest and highest degrees of slag hydration were calculated. It may be that a certain 
degree of shrinkage is experienced irrespective of slag hydration, which would account 
somewhat for the disparity in calculated calibration factors.  
 
Table 4-2: Calibration factors correlating chemical shrinkage with degree of hydration 
as determined via BSE-IA at 28 days 
Sample Degree of hydration 
from BSE-IA (%) 
Chemical 
shrinkage 
(ml/g. slag) 
Calibration 
factor (ml/g. 
slag, x10-3) 
C2S1 30.00 0.0293 0.9766 
C1S1 28.64 0.0353 1.2312 
C1S2c 33.34 0.0372 1.1150 
C2S2c 29.56 0.0189 0.6381 
C1S2f 48.64 0.0599 1.2322 
C1S3c 32.11 0.0298 0.9289 
 
The calibrated curves for all systems are shown in Figure 4-18; there is a strong 
correlation across all samples with good repeatability and very low standard deviation 
across samples tested via chemical shrinkage. These strong correlations across all 
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samples highlights the suitability of the chemical shrinkage technique even at these high 
levels of replacement by slag. 
 
Figure 4-18: Chemical shrinkage calibrated with BSE-IA for all systems up to 28 days 
 
Testing was extended to 56 days for the C1S2c and C1S2f samples, with calibrated 
results shown in Figure 4-19. Calibrating to 56 days appears to overestimate slag 
hydration at earlier ages in comparison to BSE-IA. Berodier (2015) suggests that the 
kinetics of later age hydration are controlled by the availability of space into which new 
hydrates may grow, this may explain the loss in accuracy of the technique at later age, 
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with the effects being more pronounced in the current study, owing to the lower w/b ratio 
of 0.35. 
 
Figure 4-19: Chemical shrinkage due to slag hydration, calibrated with BSE-IA for 
C1S2c and C2S1f systems up to 56 days 
 
4.1.4.2 Isothermal conduction calorimetry coupled with BSE-IA 
 
Calibration factors relating heat due to slag hydration with DoH as determined via BSE-
IA are given in Table 4-3. Again, the outlier here was the C1S3c system with a noticeably 
lower calibration factor than all other grouts, the result being that early age slag hydration 
appears to be underestimated via calorimetry for this system, with very accurate results 
obtained in all other instances.  
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Table 4-3: Calibration factors relating isolated heat release due to slag hydration with 
degree of hydration as determined via BSE-IA at 28 days 
Sample 
Degree of 
hydration from 
BSE-IA (%) 
Heat due to 
slag hydration 
(J/g. slag) 
Calibration 
factor (J/g. 
slag) 
C2S1 30.00 29.18 0.97 
C1S1 28.64 24.45 0.85 
C1S2c 33.34 31.45 0.94 
C2S2c 29.56 30.05 1.02 
C1S2f 48.64 30.17 0.62 
C1S3c 32.11 9.51 0.30 
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Figure 4-20: Heat evolution due to slag hydration, calibrated with BSE-IA for all 
systems up to 28 days 
 
Calorimetry and chemical shrinkage typically follow the same trends (Figure 4-21). 
There is often a slight disparity at early age due to the ‘relaxation’ of samples analysed 
via chemical shrinkage, but otherwise results are in good agreement (Whittaker, 2014). 
The low heat of hydration of the C1S3c system has resulted in a divergence with the 
results for this grout. 
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Figure 4-21: Correlation between calorimetry and chemical shrinkage for all mix 
designs 
 
Results for the C1S2c system are poor, due to a high degree of disparity at early age; 
perhaps a result of negative results calculated for calorimetry (due to interaction 
between the clinker and quartz within the reference sample). If this negative section of 
the curve were to be omitted there would clearly be a much closer correlation throughout 
the duration of the experiments. 
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4.2 XRD analysis 
 
XRD was used to identify the presence, and consumption, of clinker phases as a 
function of time for each mix design (Figure 4-22). The low relative clinker content of the 
mixes studied resulted in small peaks associated with anhydrous clinker phases even 
at very early age.  
Given the equal level of replacement by slag in each system, it is not surprising that 
rates and degrees of consumption of clinker phases are comparable across samples. 
At 2 days, the peak associated with C3A is still visible, although very small, for the curves 
associated with the C1S1, C2S2c and C1S3c samples. At 7 days C3A is no longer 
present in any of the samples. 
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Figure 4-22: XRD patterns of all samples, showing hydration of the clinker phases 
from 2 to 365 days 
 
Peaks associated with C3S and C2S become less pronounced with time for all samples, 
with very small reflections still visible at 365 days, in agreement with findings from BSE-
IA. 
The peak associated with portlandite (CH) highlights the hydration of C3S and C2S, with 
its presence at 365 days highlighting that it is not completely consumed through the 
hydration of the slag within each system. Its presence also suggests that availability of 
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CH is not the controlling factor in later age slag hydration, within the mix designs 
investigated within the present study. Within the C1S2f system, the peak for CH is less 
pronounced, a result of a larger degree of slag hydration compared to the other mix 
designs investigated, with the peak still clearly visible at 365 days (Richardson, 1999, 
Richardson and Groves, 1997). 
Figure 4-23 shows the evolution of the AFt and AFm phases for each mix design over 
the period 2 to 365 days. Ettringite is present in all systems at 2 days but is only detected, 
and at a lower concentration, in the C2S1 and C1S3c systems at 7 days; it is no longer 
present within any of the samples beyond this point. 
Hydrotalcite (Ht) appears most prevalent in the C1S2f system at 7 days, suggesting 
comparatively high levels of slag hydration at this age (Richardson et al., 2002, Lumley 
et al., 1996); in agreement with results above (Figure 4-4 and Figure 4-11). Ht is 
observed at later age in all samples (Codina et al., 2008, Glasser et al., 1999), with 
quantity increasing with continued slag hydration. Ht content at 365 days appears lower 
for the slag 2 containing blends, likely a result of the lower Mg content of the slag 
(Lothenbach et al., 2011, Taylor, 1997). 
Hemicarboaluminate (Hc) was detected in small quantities at early age in some samples 
(C1S3c and C2S1 in particular) but was no longer visible in any samples at 365 days. 
Comparable aluminium contents of the slags within this study are likely the reason that 
there is little disparity in Hc content. 
Monosulphoaluminate (Ms) is present in all samples at 7 days, produced through the 
reaction of the ettringite (formed at early age) with unreacted C3S (Baquerizo et al., 
2015). At 365 days, Ms is detected in all samples and appears to be most prominent in 
the slag 2 blended samples. 
Overall, the AFt and AFm phases formed within all of the grouting formulations follow 
the same general trends (Escalante-Garcia and Sharp, 2004); the high level of 
replacement by slag in all blends and the relatively similar compositions has resulted in 
the production of much the same hydrates (Codina et al., 2008). The most significant 
difference appears to be the relatively lower Ht content in the slag 2 containing mixes, 
a result of the disparity in Mg content (Luke and Glasser, 1987).  
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Figure 4-23: XRD patterns of all samples showing AFt and AFm phases 
Where E - ettringite, Ms - calcium monosulphate, Hc – calcium 
hemicarboaluminate, Ht – hydrotalcite, Mc – calcium monocarboalumiate and F - 
ferrite 
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4.3 Assessing impact of hydration on microstructural development 
and transport properties 
 
The permeability of a waste package is ultimately the key parameter which will define 
its long term performance. Permeability is intimately linked to porosity and will govern 
the rate at which waste species are able to leach from a conditioned waste package and 
also the rate at which deletrious species are able to enter and disrupt the internal 
microstructure. 
 
4.3.1 Intrinsic gas permeability 
 
Figure 4-24: Intrinsic permeability of samples at 28 days, which have not been dried nor 
exposed to elevated temperatures 
  
Accurately measuring and assessing permeability of cementitious matrices is a 
challenging process. Ensuring that samples are tested under consistent conditions and 
obtaining results which are indicative of actual performance can be very challenging. 
The results presented in Figure 4-24 were obtained from samples which received no 
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pre-conditioning (that is they were not dried, heated or stored in a low relative humidity 
environment prior to testing); the results here therefore represent the theoretical actual 
intrinsic permeability of the grouting matrices at 28 days hydration. 
The results here (Figure 4-24) do not tend to fit with what might be expected, given the 
degrees of hydration (Figure 4-6) of the distinct grouting formulations and the resultant 
calculated coarse porosity values (Figure 4-10). One trend which may be observed is 
the apparent impact of clinker type, where mix designs prepared with C1 outperform 
those prepared with C2, with the C1S2c and C1S1 grouts performing best of all the 
mixes within the project. 
The most surprising result relates to the C1S2f mix design, which showed the highest 
degree of hydration at all ages and the lowest coarse porosity values at all ages but 
exhibited the highest permeability of all mix designs. In fact, the result for C1S2f is more 
than an order of magnitude higher than the comparable C1S2c formulation. It may be 
that the testing method, in which N2 gas is forced through the samples at up to 4 bar of 
pressure, has caused internal damage to these samples, moreso than for all other 
samples analysed. 
 
4.3.2 X-ray micro-computed tomography and random walk simulation 
 
X-ray µCT was performed on two separate occasions at NNL Central Laboratory using 
a Bruker Skyscan 1172 machine. Two different sample sizes were used (5mm and 
2.5mm diameter), resulting in a disparity in achievable resolution (see Table 3-5 for a 
complete list of samples and associated resolution). This discrepancy in resolution had 
an impact upon the subsequent calculated pore-connectivity and tortuosity values; it has 
therefore been necessary to take care in comparing and contrasting results in a 
consistent and meaningful manner. 
Figure 4-25 shows complete renderings of both the C1S2c and C2S1 samples at 28 
days. These images give a really good visual indication as to the scale difference 
between the standard ‘coarse’ and ‘fine’ slag particles and the Calumite grains that are 
present in the C1S1 and C2S1 mix designs. 
From these, and other complete renderings, smaller more computationally manageable 
volumes of interest (VOI) have been created for all of the samples analysed (Nakashima 
and Watanabe, 2002, Provis et al., 2012, Promentilla et al., 2016). 
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Figure 4-26 shows corresponding cross-sections of the 400 pixel3 VOIs (with pixels of 
side length 1.57 and 1.62 µm, respectively) corresponding to the samples shown in 
Figure 4-25, where the heat-scale is related to the relative density (white represents 
pore space and density increases from blue through green and yellow to red). The 
segmented porosity for the C1S2c sample is found to be slightly lower than that of the 
C2S1 sample, likely a result of the higher weighted DoH at this age (Figure 4-6) as 
hydrates are formed and fill some of the larger pore volumes (Richardson et al., 1989).  
 
 
 
Figure 4-25: 3D rendering of 28 day aged samples from X-ray CT. a). C1S2c and b). 
C2S1 
 
What can also be discerned from these cross-sections is the disparity in particle size 
between the Calumite and ‘coarse’ S2c slags, and the comparatively high anhydrous 
content of the C2S1 sample at 28 days (represented by larger red areas in Figure 4-26). 
a). b). 
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Figure 4-26: Cross-section through VOI of C1S2c and C2S1 samples at 28 days 
 
Whilst resolution had very little impact in determined segmented porosity there was a 
clear impact upon pore connectivity and calculated tortuosity (Figure 4-27). Through 
increasing resolution smaller features were discernible, including small ‘pore throats’ 
which are not detected at a higher voxel size. Figure 4-28 shows representative cross 
sections of the C1S2c system at 0.53 and 1.57µm respectively; since both VOIs are 400 
pixels3 the areas represented here are not equal and particles may appear larger in the 
figure to the left.  
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 Figure 4-27: Impact of X-ray CT resolution on determined diffusion tortuosity 
 
   
Figure 4-28: Cross-sections highlighting porosity in C1S2c system at high-resolution 
(left) and lower-resolution (right) 
 
Further analysis confirms this assertion; determination of the total number of pores of 
1000 voxels or larger in each VOI is given in Table 4-4. Increased resolution reduces 
the number of smaller isolated pores with the overall effect being a slight increase in the 
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total volume of the largest percolating pore and a reduction in the calculated diffusion 
tortuosity despite a very similar segmented porosity value. Gallucci et al. (2007) made 
similar observations when modifying the resolution within their study, a reduction in 
diffusion tortuosity would be expected had a similar random walk simulation analysis 
been performed. 
The impact of resolution should always be borne in mind when applying this technique 
but does not counteract the significant insight that can be provided, particularly when 
scans of comparable resolution are compared and contrasted (Promentilla et al., 2009, 
Sugiyama et al., 2010a). 
Clearly, there is a significant fraction of pores present within these systems that fall 
outside of the resolution limits of the X-ray µCT technique. Whilst these smaller capillary 
pores and gel pores are significant in the overall performance of the grouting materials 
they play a minimal role in determining permeability (Promentilla et al., 2009) and hence 
the potential leaching performance of a conditioned waste package. 
 
Table 4-4: Impact of resolution on pore connectivity and subsequent determined 
tortuosity 
  
Age 
(days) 
Pixel 
resolution 
(µm) 
Number of 
distinct 
pores over 
1000 voxels 
Volume (voxels3) 
of largest 
percolating pore 
Tortuosity 
value from 
random walk 
simulation 
C1S2c 
7 
1.35 60 20820063 4.323 
0.53 12 20629659 4.017 
28 
1.57 41 16792390 5.844 
0.53 3 16724072 4.641 
 
Figure 4-29 shows the impact of continued hydration upon segmented porosity and 
hence determined diffusion tortuosity of the percolating pore space of all samples 
analysed during the first set (1.2-1.6µm). In the case of all formulations, porosity has 
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reduced as a function of time and continued hydration, resulting in a more tortuous 
microstructure. 
This increase in tortuosity is most apparent in the C1S2c formulation (  
Figure 4-29); in which significant hydration occurred between 7 and 28 days (Figure 
4-4), resulting in significant pore filling. Beyond this point there was further hydration of 
the clinker and slag fractions with porosity reducing yet further up to 60 days (Figure 
4-30). 
Both C1S1 and C2S1 samples exhibited a higher tortuosity than C1S2c at 7 days, this 
is despite a lower calculated degree of hydration. Further, at a comparable porosity (see 
C1S1 - 7d and C1S2c – 7d) the C1S1 sample displays a higher diffusion tortuosity value. 
It is apparent that the large Calumite grains present with the C1S1 and C2S1 samples 
have an impact upon the interconnectivity of the pore space, serving to increase 
tortuosity at a given segmented porosity.  
The relatively small increase in segmented porosity, and hence diffusion tortuosity for 
the C1S2f formulation may be explained by a relatively lower relative rate of hydration 
(see Table 4-1, where 77% of 28 day slag hydration is shown to occur within the first 7 
days, compared to values of 60% or lower for all other mix designs). 
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Figure 4-29: Diffusion tortuosity as a function of segmented porosity for all non-heat-
treated samples analysed during first run (1.2-1.6µm) 
 
For the C2S1 samples analysed, there is again a relatively low reduction in segmented 
porosity, this is despite a considerable degree of slag hydration over the same period 
(Table 4-1). Nevertheless, a statistically significant increase in diffusion tortuosity is 
observed, comparable to that seen for the C1S1 mix design. 
The impact of slag fineness is highly evident here; the C1S2f formulation displayed by 
far the lowest porosity and highest tortuosity at 7 days. By 60 days a very dense 
microstructure had formed, resulting in a very low porosity value and a corresponding 
high diffusion tortuosity. 
Continued hydration had a similar impact upon the C1S2c system; from 28 to 60 days 
there was a slight reduction in segmented porosity and a significant increase in the 
associated diffusion tortuosity. 
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Figure 4-30:Diffusion tortuosity as a function of segmented porosity for C1S2c and 
C1S2f systems at 7, 28 and 60 days (second run at 0.53µm). 
 
The results shown in Figure 4-30 appear to follow the same trend as those found in the 
work of Provis et al. (2012), with tortuosity varying inversely with porosity across the 
samples analysed. This trend would be expected to agree with the result of Bentz and 
Garboczi (1991) in which a percolation threshold, occurring at a porosity value of 0.18, 
would be found, and results being asymptotic at a tortuosity value of 1.  
The results plotted in Figure 4-30 tend to suggest that there may be two separate trends 
for the two mix designs analysed; however, extrapolating from 3 data points could prove 
troublesome and it may be that whilst the segmented porosity values obtained for C1S2f 
– 7d and C1S2c – 28d are similar, it seems likely that within the VOIs analysed, the 
interconnectivity of the segmented pore space may have caused the apparent variation 
in calculated diffusion tortuosity. 
This pore filing due to continued hydration is clearly evident from cross-sectional images 
of the reconstructed VOIs (Figure 4-31), where the pores become finer and appear less 
interconnected when viewed in 2 dimensions. This continuation of hydration reduced 
overall porosity and, significantly the volume of the largest percolating pore, from 20.6 
million pixels3 at 7 days to 13.0 million pixels3 at 60 days within the C1S2c samples 
(Table 4-4). 
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Figure 4-31: Evolution of microstructure and porosity of C1S2c grout at 7 days (top), 
28 days (middle) and 60 days (bottom) at a resolution of 0.53µm 
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4.4 Summary 
 
1. Slag hydration is highly dependent upon fineness of grinding. Both rate and degree 
of hydration are impacted by fineness to a greater degree than chemical 
composition within the ranges studied herein. 
2. Clinker hydration kinetics appear to be unaffected by either fineness or chemical 
composition within the mix designs investigated. At such high levels of replacement, 
it appears that dilution effects contribute to a consistent rate of clinker hydration. As 
with previous studies, even at high levels of replacement by slag, anhydrous clinker 
still remained after 1-year hydration. 
3. At 75% replacement by slag, consumption of CH was not complete; levels lower 
than found in standard neat Portland cements were observed, but even at late age 
CH was observed in all samples. Within the C1S2f system, which was found to 
show the highest level of slag hydration, a lower CH content was recorded, 
suggesting partial, but not complete consumption. 
4. When comparing slag hydration from BSE-IA with previous studies it appears that 
slag loading does not affect rate of hydration at early age, but that beyond 28 days, 
grouts prepared with higher slag contents experience a retardation in slag 
hydration. 
5. The presence of large ‘Calumite grains’ within the C1S1 and C2S1 mix designs has 
had some interesting effects. These large slag grains appear to display none to very 
little hydration, even after 1 year; the result is a lower overall degree of slag 
hydration at later age. Interestingly though, comparable slag hydration (in relation 
to all but the C1S2f formulation) is observed up to 28 days, a further dilution effect 
must therefore be taking place within these grouts whereby the finer slag fraction 
hydrates more rapidly at early to medium age, slowing only at later age when 
presumably availability of pore space becomes a significant factor. 
6. Chemical shrinkage via dilatometry and ICC remain suitable indirect methods to 
follow slag and clinker hydration independently even at these high levels of 
replacement. Within the present study, dilatometry was found to provide results 
which consistently agreed with those obtained via BSE-IA; the ease with which this 
technique can be applied and the minimization of potential external factors leading 
to errors in measurement make it a powerful and accessible method to follow and 
segment hydration in real time. 
7. Ettringite is produced during early age hydration in all grouts but reacts with C3S to 
form monosulphoaluminate within 7 days of casting. The significantly lower Mg 
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content of slag 2 has resulted in a small but noticeable difference in the formation 
of hydrotalcite within the C1S2c and C1S2f systems. 
8. X-ray µCT provides a powerful emerging tool for the 3 dimensional investigation of 
cementitious materials without recourse to damaging preparation techniques. 
Application of subsequent analysis techniques such as recurring Monte Carlo 
methods, such as random walk simulations, allow for disparities, changes and 
microstructural developments to be compared and contrasted in quantifiably 
meaningful ways. 
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5. Impact of heat-treatment 
upon microstructure, phase 
assemblage and engineering 
performance of cementitious 
grouts for ILW encapsulation 
 
Exposure to high temperatures induced through potential fire scenarios represent one 
of the key concerns in the interim storage and final placement of treated waste 
packages. Quantifying the ways in which these exposure conditions might impact the 
composition, microstructure and hence performance of grouting materials is therefore 
of significant interest industrially as well as academically. 
Testing in this regard was informed by industrial waste package accident performance 
testing protocols (NDA, 2010c) with matching exposure conditions. Samples used 
throughout this project are several orders of magnitude smaller than actual conditioned 
waste packages, however the reactions occurring and impact of exposure are of key 
significance in understanding the expected performance and potential resilience of 
treated waste streams. 
 
5.1 Visual observations of heat-treated samples 
 
Cylindrical samples (27.5 ± 0.25 mm  and 35 ± 3 mm in height) were heat-treated to 
200, 400 and 800°C for 30 minutes. Images were captured following exposure to provide 
a visual reference and aid in assessing the resilience of each mix to such a scenario. 
Figure 5-1 shows the outer surface of the C1S1 and C1S2c samples before and after 
exposure to 800°C for 30 minutes.  
The first observation to be made is the change of colour following heating, a result of 
the oxidation of the polysulphides present in the slag (Short et al., 2001). The next most 
obvious change is the significant cracking that has occurred, particularly in the C1S1 
sample. Similar cracking was observed in the C2S1 sample, with cracks more consistent 
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with the C1S2c sample seen in all other mix designs. It is believed that this disparity in 
prevalence of cracks is a result of the large Calumite grains, as cracks appear to 
propagate around these large particles within the C1S1 and C2S1 grouts. 
Whilst cracks were observed, to varying degrees, across all samples; there remained a 
degree of structural integrity even following heating to 800°C. This is consistent with a 
number of previous studies in which the inclusion of slag has been shown to reduce 
crack prevalence and improve resilience to fire scenarios (Wang, 2008, Mendes et al., 
2012, Mendes et al., 2009) and subsequent compressive strength for both pastes and 
mortars (Delhomme et al., 2012). 
Cracking was so severe in all samples heated to 800oCthat it was not possible to perform 
subsequent permeability testing, as was planned and conducted for oven-dried samples 
and samples heated to 200 and 400°C respectively. 
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Figure 5-1: C1S1 and C1S2c samples before and after heat-treatment at 800°C 
 
Micrographs of heat-treated samples were recorded at 800x magnification, in line with 
BSE-IA testing. Images for C1S1 and C1S2c samples after heating to 400 and 800°C 
are shown in Figure 5-2. Debonding of the large Calumite grains as a result of heating 
is apparent, with this becoming more pronounced with increased exposure temperature. 
The same observations were made for the C2S1 system with cracks appearing to 
propagate around the Calumite grains and extend into the bulk hydrates, with this 
becoming more pronounced with increasing temperature. Similar observations were 
made for mortar samples in the work of Fu et al. (2004), where tangential cracks were 
found to propagate around the coarser particles and subsequently through the hydrating 
matrix. 
a). b). 
c). d). 
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Heat-treatment had less of a pronounced effect upon the microstructure of the C1S2c 
system. Some loss of hydrates was experienced following heating to 400°C but there 
was very little visible cracking and anhydrous or partially hydrated slag grains remained 
well bound within the hydrates.  
Following heating to 800°C cracking became much more pronounced with large gaps 
throughout the field of view shown in Figure 5-2D. The difference here with the 
corresponding micrograph for the C1S1 system is the way in which these cracks 
propagated through the sample.  
Within the C1S2c system the path of least resistance through with the cracks proceeded 
was via the bulk hydrates, whereas the interfacial transition zone around the Calumite 
grains seemed to be the weakest point within the C1S1 and C2S1 systems. The lack of 
hydration of the Calumite grains may have been a contributing factor in this, after a year 
they showed no hydration, despite the latent hydraulic nature of these materials, and 
appeared to be less tightly bound within the largely hydrated bulk matrix than the 
anhydrous slag present within the other mix designs. 
 
 
Figure 5-2: SEM micrographs of heat-treated samples at 800x magnification. A). C1S1 
at 400°C. B). C1S1 at 800°C. C). C1S2c at 400°C & D). C1S2c at 800°C. 
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5.2 Physical properties of heat-treated samples 
 
5.2.1 Intrinsic gas permeability 
 
Permeability testing of heat-treated samples was conducted for all but those exposed to 
800°C. The presence of cracks within those samples meant that even if testing were 
possible, meaningful results would not be obtained owing to the variability in resilience 
and the suitability of some samples to testing. 
The resultant permeability of all treated and non-treated samples is given in Figure 5-3. 
There was a clear increase in permeability with exposure temperature, consistent across 
all mix designs but more pronounced in the case of certain mix designs. Oven drying at 
50°C removes all of the unbound water from each sample, with the effect being that the 
determined permeability values fell within a smaller range than when samples had not 
been treated. The overall ranking of mix designs remained consistent following drying 
with the most notable increase observed for the C1S2f samples.  
Drying to constant weight at 50°C typically resulted in a mass loss of 16-17% and took 
between 2 and 3 weeks for the samples analysed. In the case of the C1S2f samples, 
there was a slightly lower mass loss (14.4-14.6%) with a total drying time of just under 
4 weeks, suggesting a more refined pore structure. This comparatively greater increase 
in permeability may have been a result of the prolonged exposure time and potential 
damage to some of the hydrates within the bulk of the samples, as this disparity was not 
evident following the higher exposure conditions (Figure 5-3). 
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Figure 5-3: Intrinsic permeability of grout samples as a function of exposure conditions 
 
Permeability increased following heating to 200°C as many of the hydrated phases 
within the samples became damaged. C-S-H at the outer edges of samples began to 
dehydrate leading to an increase in calculated permeability values. This increase in 
grout permeability continued following heating to 400°C with grouts all increasing in 
intrinsic permeability by around 4 - 5 times. The smallest relative increase was observed 
for the C2S2c system, in which permeability increased by an order of 2.45, followed by 
the C1S2f system, increasing by an order of 3.8; the highest relative increases were 
seen in the C1S1 and C2S1 systems, consistent with the relatively high rate of cracking 
observed via SEM (Figure 5-2). 
The results obtained for the C1S2f system seemed to contradict the results from BSE-
IA in which there was clearly a higher degree of grout hydration and a lower calculated 
coarse porosity, which would be expected to result in a lower intrinsic permeability. This 
not being the case could be a result of damage to the samples caused by the testing 
method, with these samples being more detrimentally affected than the others studied. 
The step increases in permeability from untreated to oven dried at 50°C to 200°C to 
400°C were relatively low for the C1S2f system relative to the other grouts investigated, 
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suggesting that whilst permeability was greater than average, heating did not appear to 
damage the microstructure to the same degree as it did the other systems. 
Permeability clearly increases as a function of mass loss, but the degree to which 
cracking is detrimental to grout permeability is orders of magnitude more significant. 
Results here are consistent with observations made in previous studies investigating the 
fire performance of cementitious materials with replacement by slag (Delhomme et al., 
2012, Wang, 2008). Some microstructural damage is clearly caused at temperatures 
approaching 400°C with unbound water driven from the pore-network and dehydration 
or decompositionn of much of the most abundant hydrate, C-S-H (Mendes et al., 2008, 
Handoo et al., 2002). Severe cracking, particularly in slag composite cements, occurs 
only beyond 400°C when CH decomposes (Peng and Huang, 2008) and when there is 
a more marked loss of material (in particular C-S-H) (Castellote et al., 2004) 
Whilst the results obtained within the present study show that these small samples were 
highly susceptible to these elevated temperatures, the disparity in size between those 
studied here and actual full-scale waste packages raises some interesting points. There 
are clearly temperature profiles extending across the samples during exposure, with the 
centre of samples investigated here appearing not to reach the temperature of the 
surrounding atmosphere (later results show the presence of residual CH in the centre 
of samples heated to 800°C). Exposure to a high-temperature fire within a GDF setting 
would undoubtedly have detrimental effects upon conditioned waste packages, but the 
depth and degree to which these impacts would extend cannot accurately be 
determined. 
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5.2.2 Sorptivity 
 
The sorptivity coefficients of all samples are given in Table 5-1, with a visual 
representation of increasing sorptivity as a function of exposure temperature given in 
Figure 5-4. Samples that were oven dried, without exposure to significant elevated 
temperatures showed results that might be expected; linking well to coarse porosity 
measurements (Figure 4-10) from BSE-IA, with the C1S2f grout displaying the lowest 
sorptivity value. 
 
Table 5-1: Sorptivity coefficients of oven-dried and heat-treated grout samples 
 
Sorptivity coefficient, k (m3/m2s1/2) x10-6 
Sample 50°C 200°C 400°C 800°C 
C1S1 0.295 0.384 0.741 2.193 
C2S1 0.311 0.342 0.552 1.322 
C1S2c 0.368 0.358 0.493 1.879 
C2S2c 0.403 0.422 0.569 2.061 
C1S2f 0.210 0.571 0.921 2.975 
C1S3c 0.442 0.529 0.674 1.510 
 
Following heating to 200°C the performance of the majority of the mix designs is 
relatively unchanged. The key outlier to this trend is the C1S2f system, which saw its 
sorptivity coefficient almost triple, taking it from the best performing (following oven 
drying at 50°C) to the worst. The higher weighted degree of hydration may actually be 
detrimental when it comes to resilience to high temperatures, since there is a greater 
volume of hydrates which are highly susceptible to dehydration above relatively modest 
temperatures and significantly impacted as temperatures increase further towards those 
found within a fire scenario. The significant increase in sorptivity observed can almost 
certainly be attributed to capillary suction effects due to the significant loss of hydrates 
at the outer surface of these samples, relative to the other mix designs studied. 
Heating to 400°C for 30 minutes resulted in a continuation of much the same trends, as 
the C1S2c, C2S2c and C1S3c systems observed small but not insignificant increases 
in sorptivity; as further C-S-H and other less abundant hydration products were 
damaged and dehydrated (Figure 3-5) (Alarcon-Ruiz et al., 2005). The C1S1 and C2S1 
samples saw more noticeable increases in sorptivity, with 93 and 61% relative increases 
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compared to values after heating to 200°C. Similarly, the C1S2f sample showed a 
significant increase in sorptivity with a 61% increase on the value observed following 
heat-treatment at 200°C as yet more of the C-S-H is dehydrated through heating. 
 
Figure 5-4: Sorptivity indices for all mixes following exposure to elevated temperatures 
 
It may be that the cracking that is occurring in the C1S1 and C2S1 samples is allowing 
for damage to be caused to the internal microstructure more readily and for a larger 
volume of the hydrates within the samples to be damaged during the 30-minute heating 
period (see Figure 5-2A, where there is clear debonding of the calumite in the C1S1 
system). For the C1S2f sample, whilst cracking appeared less prevalent, the total 
volume of hydrates present within the samples appeared to have an affect; with damage 
propagating from the outer surface and dehydrating much of the C-S-H and other 
hydrates as it did so. 
Following heating to 800°C the trend in resultant sorptivity continued as samples 
experienced significant damage. The microstructure of the C1S2f system was most 
clearly affected, consistent with the results obtained following heating to 200 and 400°C, 
sorptivity increased more significantly than for all other mix designs as cracking led to 
further damage deeper into the samples. 
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Weighted degree of hydration (Figure 4-6) was clearly linked to sorptivity following 
heating, where presence of a higher volume of hydrates would prove detrimental in 
providing resilience to elevated temperatures as would be experienced during a fire 
scenario. There was a very strong correlation between overall degree of hydration at 28 
days and sorptivity index (k) following heating to 800°C (Figure 5-4), likely due to the 
significant effects of such high temperature on the C-S-H present within each system. 
With increased level of hydration, a higher volume of C-S-H is formed, making a grout 
more susceptible to degradation of this phase. 
The presence of the large Calumite grains within the C1S1 and C2S1 formulations has 
resulted in the lowest sorptivity values following heating to 800°C, having been higher 
than all other formulations (with the exception of C1S2f) following heating to 400°C. 
Whilst is appears that hydration products seem not to be as significantly impacted within 
these samples it is not possible to confidently compare the overall resultant performance 
of grouting formulations, especially since the C1S1 and C2S1 samples showed 
significantly more severe cracking following heating (Figure 5-1). 
 
5.3 X-ray micro-computed tomography and random walk simulation 
 
A number of heat-treated samples were analysed via X-ray µCT during both sessions 
at NNL Central Laboratory. During the first visit some C1S1 and C1S2c samples which 
had been heat-treated were analysed (Figure 5-5). The disparity in size between 
samples heat-treated prior to X-ray µCT and those prepared for permeability and 
sorptivity testing was significant. The temperature profiles experienced across the larger 
samples meant that the core within each sample did not reach the temperature of the 
surrounding furnace; with the samples for X-ray µCT equilibrium was reached and more 
significant overall damage was experienced. Table 5-2 shows the associated mass 
losses for samples analysed via thermogravimetry and gives an insight into the damage 
caused within samples analysed via X-ray µCT and the slight disparity between mix 
designs.  
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Table 5-2: Mass loss at target temperatures from samples analysed via TGA 
Mix Age (days) Mass loss (%) to 
200°C 400°C 800°C 
C1S1 2 2.93 4.18 7.10 
7 4.81 7.31 11.42 
28 6.07 10.00 14.20 
C2S1 2 3.27 4.50 7.50 
7 6.51 9.20 12.74 
28 6.68 10.46 15.59 
C1S2c 2 2.52 3.53 6.07 
7 4.64 7.22 11.37 
28 6.35 10.25 14.51 
C2S2c 2 2.90 4.10 6.90 
7 4.85 7.59 11.32 
28 6.36 10.41 14.92 
C1S2f 2 3.18 4.66 7.48 
7 5.51 8.44 12.43 
28 7.07 11.87 16.48 
C1S3c 2 2.49 3.55 6.19 
7 4.53 7.14 10.32 
28 5.80 9.57 14.11 
 
As discussed previously, one result of the presence of Calumite grains in the C1S1 and 
C2S1 systems was the degree to which they increase diffusion tortuosity for a given 
segmented porosity value through essentially forming small impermeable barriers within 
the samples (which more than offset the higher segmented porosity within the 
surrounding matrix); this, again, is further highlighted in Figure 5-5. 
In line with results obtained via other techniques (Figure 5-3 and Figure 5-4), exposure 
to elevated temperatures resulted in microstructural damage, with deleterious 
ramifications for the resultant performance of grouting materials. 
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Figure 5-5: diffusive tortuosity of C1S1 and C1S2c samples at 28 days with and 
without heat-treatment 
 
Heat-treatment had a much more evident detrimental impact upon the C1S1 sample in 
terms of induced damage leading to a reduction in diffusion tortuosity throughout its 
percolating pore space. The increase in porosity observed by the C1S1 sample is 
comparable with the damage caused to the C1S2c sample after heating to 800°C. as 
with the untreated samples, the presence of Calumite grains leads to a higher 
corresponding diffusion tortuosity value at a given segmented porosity. It may be that 
debonding of these large grains has begun as the hydrated phases in the surrounding 
matrix are dehydrated and damaged (reference to SEM images, Figure 5-2, would 
suggest that this was the case), but this is not yet manifesting in a significant reduction 
in corresponding diffusion tortuosity. Reference to Figure 5-6 (centre) shows localised 
debonding of the large Calumite grain within the VOI, this appears to be insignificant in 
relation to the diffusion effects of the percolating pore network. 
Following heating to 800°C the C1S1 sample experiences a further loss in hydrates (as 
corroborated via TGA, in which the mass loss to 400°C was 9% and the mass loss to 
800°C was 12.8%). This further loss of mass goes some way to explaining the disparity 
in subsequent diffusion tortuosity, but when compared to the mass loss for the C1S2c 
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sample does not provide a full explanation. Mass loss to 800°C for the C1S2c sample 
was 14.5%, consistent with the higher observed degree of grout hydration (Figure 4-6) 
and hence presence of a larger volume of hydrates. As might be expected, the increase 
is significant following such harsh conditions; the reduction in tortuosity in this case 
though can only be explained through a combination of this loss of mass coupled with 
significant debonding of the Calumite grains (Figure 5-2).  
Figure 5-6 shows a representative cross-section of each of the samples, the bottom 
figure corresponding to the sample heated to 800°C is visibly different to those above it. 
The heating has caused significant damage to the hydrates within the bulk of the sample, 
causing a widening of the percolating pore space (clearly visible in the binary images to 
the right of Figure 5-6). 
In practice this susceptibility to elevated temperatures could pose a significant risk to 
the suitability of waste package integrity. Whilst the possibility of such an event occurring 
is very low, the impact caused could have severe consequences. Previous studies in 
which similar samples were exposed to leaching (Promentilla et al., 2016, Sugiyama et 
al., 2010a) or freeze-thawing action (Promentilla and Sugiyama, 2010) showed similar 
results, with a significant increase in porosity and a corresponding reduction in diffusion 
tortuosity. 
Clearly, deterioration of waste packages, be that via exposure to elevated temperatures, 
leaching or other external factors, poses a significant risk to the integrity and suitability 
of conditioned waste packages. Propagation of cracks through samples represents a 
significant factor in the rate at which continued damage may occur and the timescales 
that a waste package will remain functional within its final disposal scenario. 
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Figure 5-6: Visual representation of damage induced through heating to C1S1 grouting 
formulation. Untreated grout at 28 days (top), heat-treated to 400°C (middle) and heat-
treated to 800°C (bottom)  
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The cross-sections to the left of Figure 5-6 show the relative density of the phases within 
the cr0ss-section of the VOI, highlighting the significant loss of hydrate phases as a 
function of exposure temperature. The figures to the right show more clearly the 
resultant segmented porosity, the increasing width of pores and the damage caused to 
the internal microstructure of the samples due to exposure. 
 
Figure 5-7: Diffusive tortuosity of C1S2c and C1S2f samples at 7 days with and 
without heat-treatment 
 
During the second session of X-ray µCT analysis, smaller samples (2.5mm diameter, 
rather than 5mm) were analysed following heating to 200 or 800°C at 7 days. Since 
samples were smaller, younger and exposed to different conditions (with a resultant, 
and statistically significant increase in resolution) it has been necessary to separate 
analysis here into two distinct sections. 
Figure 5-7 provides the result of random walk simulations carried out on the segmented 
VOIs created from the samples analysed during this session of analysis. As shown in 
Figure 4-30, there was a significant difference in the results for the untreated C1S2c and 
C1S2f samples; a result of the disparity in early age hydration leading to pore filling and 
a refining of the pore space to a higher degree within the C1S2f system. 
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As with the results obtained for untreated samples, those which have been exposed to 
elevated temperatures follow the same general trend as outlined in the work of Bentz 
and Garboczi (1991), with the asymptotic features described as in Figure 4-29 and 
Figure 4-30. Again, it is prudent not to draw separate trends for the two data sets, owing 
to the small number of data points within each, and the potential errors that exist within 
the technique. 
The C1S2f system was much more susceptible to the more modest exposure condition 
(200°C) with a clear increase in the interconnectivity of the percolating pore space. This 
result is consistent with those obtained through permeability (Figure 5-3) and sorptivity 
(Figure 5-4) testing, in which the C1S2f grout formulation showed a significant reduction 
in performance, much more so than the C1S2c formulation, where the detrimental 
effects were much less apparent. This is consistent with results obtained through 
thermogravimetric analysis, in which mass loss to 200°C was noticeably higher for the 
C1S2f sample than for the C1S2c sample (5.8% compared to 4.9% respectively); 
indicative of the higher volume of hydrate phases within the sample. 
The result obtained here for the C1S2c sample following exposure at 200°C is consistent 
with this assessment. An increase in porosity is observed, as has been seen for all other 
heat-treated samples; the difference here is that there is not the same associated drop 
in diffusion tortuosity. Figure 5-8 gives a 2 dimensional representation of the impact of 
this exposure upon the microstructure; there was quite clearly loss of hydrates leading 
to increased porosity. 
This, seemingly, did not have any significant bearing upon calculated diffusion tortuosity. 
This result suggests that the microstructure within the grout prepared with the coarser 
slag (C1S2c) was more resilient to this deleterious heating and also that the anhydrous 
slag grains were well bound within the hydration products of the bulk matrix. 
Following heating to 800°C both the C1S2c and C1S2f samples experienced similar 
damage with comparable resultant segmented porosity and tortuosity values calculated. 
Whilst it is not possible to directly compare the results here with those obtained at a 
lower resolution for the C1S1 system (Figure 5-5) the findings do appear to be relatively 
similar (if the disparity induced by resolution are also accounted for, see Figure 4-27). 
TGA data showed a similar mass loss in the range 200-800°C for the C1S2f and C1S2c 
formulations (6.69% compared to 6.54%); with significant and comparable damage 
evidently caused to samples prepared for X-ray µCT (Figure 5-7) 
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It appears that anhydrous material remained undamaged in the C1S2c system (see 
Figure 5-8 bottom) but that much of the surrounding hydrates had been severely 
dehydrated; with the same being the case for the C1S2f sample (Figure 5-9). 
There was undoubtedly significant damage caused to these samples through heating, 
which would be expected given the fragility of the hydrates and the size of the heated 
samples. Clearly, damage to full size waste packages would be less severe, especially 
at the centre of a large drum or box of conditioned waste, since a fire of relatively short 
duration would not raise the temperature across the entire package to such a degree 
(as is the case for the very small samples analysed via X-ray µCT). 
As with the cross-sectional images for the C1S1 formulation (Figure 5-6), Figure 5-8 and 
Figure 5-9 show both the relative density (left) and the segmented pore network (in 
binary for ease of visualisation, to the right) of the untreated and exposed samples.  
Whilst the cross-sectional images below show very representative areas within the VOIs 
of each sample, those above corresponding to the C1S1 sample may not always give a 
true indication of the size of the very large calumite grains. Owing to the size of these 
particles, the likelihood of bisecting through the centre of a grain is statistically highly 
unlikely [Figure 2-6 (Scrivener, 2004)]. Care has been taken to segment volumes within 
both the C1S1 and C2S1 samples which are representative of the samples as a whole, 
as discussed in Section 3.3.8. 
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Figure 5-8: Visual representation of damage induced through heating to C1S2c 
grouting formulation. Untreated grout at 7 days (top), heat-treated to 200°C (middle) 
and heat-treated to 800°C (bottom) 
158 
 
 
 
   
   
   
Figure 5-9: Visual representation of damage induced through heating to C1S2f 
grouting formulation. Untreated grout at 7 days (top), heat-treated to 200°C (middle) 
and heat-treated to 800°C (bottom) 
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5.4 Phase assemblage following exposure to elevated temperatures 
 
5.4.1 Portlandite content and mass loss determined via TGA 
 
When samples were prepared for heat-treatment and subsequent permeability and 
sorptivity testing, an additional, identical, sample corresponding to each mix design was 
also prepared to allow for analysis via TGA and XRD. A central portion of each 27mm 
diameter by 35± 3 mm sample was taken and prepared for analysis, as outlined in 
Section 3.3.4. 
The determination of CH content provides some insight into both the degree of damage 
and the temperature profile within the samples and has previously been successfully 
applied to assess pure Portland cement concretes (Handoo et al., 2002). Within the 
present study, samples heated to 400°C showed no discernible loss of CH from the 
centre of the sample, consistent with what would be expected given the decomposition 
temperature of CH (Figure 3-5). The main observation to be made of samples heated to 
400°C is the comparatively low CH content of the C1S2f grout and the comparatively 
high content within the C1S3c grout, likely a result of a disparity in slag hydration and 
the associated CH consumption (Taylor et al., 2010). 
Table 5-3: Mass loss at 550°C of samples from the centre of specimens previously 
heated to 800°C 
Sample Mass loss to 550oC 
C1S1 1.248 
C2S1 1.040 
C1S2c 0.854 
C2S2c 1.138 
C1S2f 2.068 
C1S3c 1.798 
 
Following heat-treatment at 800°C there was a loss of CH across all mix designs. This 
degree of CH loss varied and appeared to be affected by hydration and microstructural 
development of each individual grout formulation. For the C1S2f sample, 85% of the 
initial CH remained intact following heating, compared to 49-70% for all other samples, 
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suggesting that the finer microstructure and higher weighted degree of hydration had 
slowed the temperature rise at the centre of the sample and minimised damage away 
from the outer surface. 
Complete loss of CH seems unlikely since it has been shown that dehydroxylation is 
reversible, with some rehydration occurring rapidly following cooling to ambient 
temperature (Alarcon-Ruiz et al., 2005). Since all samples were treated simultaneously 
this would be consistent across all mix designs and explains why residual CH content is 
higher than might otherwise be expected. 
 
Figure 5-10: CH content at centre of samples (27mm diameter) following heat-
treatment 
 
The mass loss to 550°C of samples analysed via TGA (Table 5-3) is also interesting; 
the value for the C1S2f sample was higher than all others (only C1S3c showed a 
comparable loss in mass), suggesting that a greater volume of hydrates remained intact 
at the centre of this sample than in those of the other mix designs. The high mass loss 
for the C1S3c system could be partially explained by the comparatively high loss of CH, 
which would account for the relatively high associated value. 
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5.4.2 XRD analysis 
 
In all instances, heating caused damage and decomposition of the crystalline phases in 
all samples. The peaks associated with CH are visible in the corresponding patterns for 
all samples up to 400°C but are significantly reduced after heating to 800°C, consistent 
with observations made in previous studies (Kim et al., 2013) and largely in agreement 
with observations made via TGA (Figure 5-10). 
The monosulfate and hydrotalcite remained intact in all samples following heating to 
200°C, but only remained visible following heating to 400°C in the C1S2f sample. 
Suggesting that the C1S2f specimen was the only one in which the temperature profile 
across the sample did not exceed those at which these phases decompose. For 
monosulfate, this decomposition takes place in the range 204-223°C (Singh et al., 
1994), indicating that the central volume of the C1S2f sample was the only one not to 
reach this temperature when treated at 400°C.  
Dehydration and dehydroxylation of hydrotalcite occurs beyond 100°C but, as with 
Portlandite, is a reversible process, with Ht identified in samples exposed to 300°C and 
subsequently stored in an ambient atmosphere (Rey et al., 1992). Presence of water 
has also been shown to facilitate reversibility following exposure to significantly higher 
temperatures. 
Mass loss to 400°C during thermogravimetric analysis, at 28 days (Table 5-2), for the 
C1S2f sample was noticeably higher than for all other mix designs, indicative of the 
greater loss of hydrates due to thermal decomposition. It is therefore apparent that the 
thermal profile across the C1S2f grout samples progressed more slowly, a result of the 
more developed microstructure and filling of capillary porosity. 
This reduction in the rate of temperature increase across the C1S2f sample in relation 
to all other mix designs is significant, and could prove highly important in the case of 
full-scale waste package exposure to similar conditions. The denser microstructure 
clearly had an influence on the temperature profile of the grouting material. Whilst 
sorptivity results (Figure 5-4) show a higher value for the C1S2f system, this is almost 
certainly a surface effect, and whilst significant in the case of the small samples within 
this study, in practice this formulation would undoubtedly prove to be more resilient in a 
fire scenario. 
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Figure 5-11: XRD patterns of heat-treated samples at 7-70° 2 (Ms – monosulfate, Hc 
- hemicarboaluminate, Ht - hydrotalcite, g - gehlenite). 
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5.5 Summary 
 
1.Severe damage and cracking within grouts for ILW encapsulation (at 75% 
replacement by slag) is not observed following heat-treatment at 200°C or 400°C. 
Grouts are, however, severely compromised when exposed to 800°C with significant 
cracks forming. 
2.Presence of very large slag grains result in a grout that is more susceptible to elevated 
temperatures as cracks form and propagate through the interfacial zone at the grain 
boundary much more readily than in grouts prepared with a more typically graded slag.  
3. Sorptivity testing provides interesting information as to the surface effects of heat-
exposure and suggests that relatively high degree of grout hydration may in fact 
increase susceptibility to fire induced damage at the outermost edges of samples; or in 
practice, conditioned waste packages. 
4. In severely fire damaged grouts there is very little correlation between sorptivity index 
and intrinsic gas permeability since the mechanisms controlling the two parameters 
differ. Micro- and macro-cracks induced through exposure to elevated temperatures 
govern the intrinsic permeability of a grouting matrix, whereas capillary suction and pore 
effects control the rate of sorptivity. Whilst both test methods provide valuable 
information as to the potential resilience of grouting formulations, significant insight into 
actual performance in field conditions would require a great deal more information. 
5. The results obtained herein via X-ray µCT, coupled with random walk simulations 
provide a powerful means of understanding and quantifying the sub-micron-scale 
structure of hydrating cementitious materials; both untreated and following damage 
induced via heat exposure.  
6. X-ray µCT shows very clearly the damage induced through heating and gives 
significant insight into the extensive damage that would be caused at the outer edges of 
conditioned waste packages in the event of a fire within a storage facility or GDF. Results 
show (Figure 5-6) the clear debonding of the Calumite grains as a result of exposure to 
elevated temperatures in the C1S1 system and a relatively higher degree of damage 
than experienced in the C1S2c and C1S2f systems, respectively. 
7. The presence of crystalline materials (Ms and Ht) within the C1S2f samples following 
heat-treatment to 400°C indicates that the temperature at the core of these particular 
samples did not exceed the decomposition of these materials (between 204-223°C). 
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The same was not true of any other samples analysed and suggests that the finer 
microstructure of these samples, brought about by a higher relative degree of hydration, 
has an impact upon the rate of temperature change throughout the grouting material.  
This could clearly be significant in engineering practice; whilst the C1S2f formulation 
performs worst in many of the applied testing methods within the present study, the 
same would likely not be the case were full-scale waste packages to be analysed. 
 
5.5.1 Industrial ramifications 
 
Whilst the samples analysed herein experienced significant damage as a result of 
exposure to elevated temperatures, the same would very likely not be the case for full 
scale waste packages, given the rate of temperature change through the grouting 
matrix. Nevertheless, there would clearly be negative impacts as a result of a fire 
scenario or other deleterious event occurring within a repository setting. 
Incorporation of Calumite grains within grout formulations applied industrially has been 
the mainstay for a large number of years. Waste packages prepared with Calumite 
accounting for a significant portion of the grouting material will therefore make up a large 
percentage of waste packages conditioned to date. The results obtained herein show 
that there is a disconnect between the thermal properties of the Calumite and the 
surrounding hydrates within the grout, leading to thermal induced cracking. Whilst it is 
very unlikely that a fire event would occur within a GDF setting, the ramifications (relative 
to each individual waste package) must be thoroughly investigated and planned for. 
Further study into the effects of a fire (or simulated fire scenario) on full scale waste 
packages would provide significant insight into the effects upon the structural integrity 
of resultant materials (and the resilience or otherwise of waste packages to these 
potential situations). X-ray µCT provides a powerful, high-resolution, non-destructive 
and relatively rapid means of assessing damage in 3-dimensions. Subsequent 
application of random walk simulation is computationally demanding but provides a 
quantitative means by which damage, and hence waste package integrity, may be 
assessed. 
The results obtained within the present study show that application of a sacrificial layer, 
applied to the outer surface of conditioned waste packages would provide very good 
protection against fire induced damage. Within the sample mix designs analysed, 
exposure to set temperatures for 30 minutes did not result in these relatively small 
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(27mm diameter) samples reaching equilibrium; a relatively thin sacrificial layer would 
likely be sufficient to protect conditioned waste packages from damage. 
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6. Conclusions and further 
work 
 
Conclusions 
 
This study was split into two distinct areas of investigation. The first of which investigated 
the impact that changes to the chemical and physical composition of the anhydrous 
constituent materials have on the hydration of grouts for ILW encapsulation. 
Understanding how changes induced either through alteration of supply, or introduced 
as a means of controlling rheological characteristics, affect hydration is key in gaining a 
more thorough understanding of microstructural development and ultimate 
performance. 
This fundamental understanding of the intimate relationships of – 
Composition      hydration      microstructure      performance 
underpins the application of these materials to their intended purpose. Further, the 
results shown here confirm the suitability of particular techniques to follow slag and 
clinker hydration, whilst also illustrating some of the potential of other lesser applied 
techniques (in particular X-ray µCT). 
The second aspect of this study was to provide insight into the impacts of elevated 
temperatures, as would be experienced in a fire exposure scenario. The chemical and 
physical effects of a range of exposure conditions were investigated and provide 
information as to the resilience of different grouting formulations to such potential 
deleterious environments. 
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Hydration, microstructural development and engineering 
performance 
 
Clinker composition and impact upon hydration 
 
At the high levels of replacement by slag found in grouts for ILW encapsulation, the 
resultant water/ cement ratio is very high. Consequently, there appears to be very little 
disparity in the rate of clinker hydration at all ages, for the two clinker compositions 
studied. Despite the variations in terms of both chemical composition (Tables 3-1 and 
3-2) and physical properties (Table 3-3); the rate of clinker hydration within all grout 
formulations was relatively consistent across all mix designs, with the one slight outlier 
being the C1S3c grout at early age (Figure 4-3).  
After 1 year of hydration, no disparity in clinker hydration was evident across all grout 
formulations. Results were comparable to those found in previous studies (Whittaker et 
al., 2014, Kocaba, 2010), suggesting that w/b plays no significant role in controlling 
clinker hydration in grouts with high levels of replacement by slag. 
Any disparity in clinker hydration appeared to have minimal impact upon subsequent 
slag hydration. Overall degree of hydration of the grouting materials was largely 
controlled by the physical properties of the slag powders and the availability of pore 
space to accommodate new hydrates.  
The variation in both physical properties and chemical composition of the clinker 
materials was somewhat significant (Tables 3-1, 3-2 and 3-3); however, both would be 
classed as CEM1 42.5N in standard construction applications. Use of a finer or more 
reactive clinker, more comparable to a CEM1 42.5R or 52.5 would clearly lead to more 
rapid hydration, with an associated increase in heat evolution at early age. 
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Slag fineness, chemical composition and subsequent hydration 
 
Slag fineness was found to have the most profound impact upon rate and degree of 
hydration, with there being very little discernible disparity between slags of differing 
composition (within the limits of composition of the slags analysed in the present study). 
Comparing the hydration of the C1S2f and C1S2c systems, the rate of early age slag 
hydration was significantly impacted by fineness, with hydration occurring much more 
rapidly as a result of an increase in specific surface area. Indeed, the hydration of the 
fine slag in the C1S2f system was similar at 7 days to the slag in the C1S2c system after 
56 days (Figure 4-4). 
This relative disparity in degree of hydration is well illustrated in Figures 4-8 and 4-9. 
Where the C1S2f system showed a much lower porosity at early age (Figure 4-10) and 
a visibly much lower fraction of anhydrous slag. 
Within both the current (C1S1) and legacy (C2S1) grout specifications the hydration of 
the slag fraction was similar to that of the grouts prepared with the ‘coarse’ slag fraction 
(C1S2c, C2S2c and C1S3c). At early age, the C1S1 and C2S1 formulations showed 
relatively low levels of slag hydration, likely a result of the presence of the large calumite 
grains (accounting for 35%wt. of the slag fraction). From 7 to 28 days both grouts 
displayed high levels of slag hydration, with further hydration beyond this point being 
much lower than all other mix designs investigated (Figure 4-4), owing primarily to the 
absence of hydration of the calumite grains. 
Development of hydrates and phase assemblage within grouting formulations was 
relatively consistent, owing to the matching level of replacement by slag across all mix 
designs and the relatively low disparity in composition of the slags investigated (Table 
3-1). Phase assemblages were as expected and consistent with previous studies 
(Borges et al., 2010, Whittaker et al., 2014). 
 
Microstructural development as a function of time, slag fineness and weighted 
DoH 
 
Microstructural development was studied in 2 and 3 dimensions via SEM-BSE and X-
ray µCT, respectively. In both instances, coarse porosity was shown to be a function of 
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hydration of the clinker and slag phases present within the grouting matrix. Within this, 
there is clearly an intimate relationship with time to allow for hydration to proceed; and 
fineness of slag, which was determined to have the most significant bearing on 
hydration. 
Whilst SEM-BSE was able to clearly show this reduction in coarse porosity (Figure 4-
10) in 2 dimensions, application of X-ray µCT was required to provide information on the 
impact that pore-filling had upon pore-connectivity. Since permeability is essentially 
governed by pore connectivity, understanding how this is impacted by hydration is highly 
significant. 
X-ray µCT coupled with random walk simulations allowed for analysis of pore-
connectivity and tortuosity as a function of time without recourse to damaging water-
removal techniques. Results showed a clear relationship between hydration and 
subsequent porosity, which in turn controlled the interconnectivity of the percolating pore 
network. Further interesting observations were made possible by X-ray µCT and are 
discussed in more detail below. 
 
Transport properties of grouting materials 
 
Determining accurate, reliable and representative results for transport properties of 
cementitious materials via the application of laboratory testing is a very challenging 
undertaking. The general need for samples to be pre-conditioned prior to analysis, in 
order to arrest hydration and render them in a state suitable for testing, introduces new 
variables which are highly challenging, and often impossible, to quantify. Nevertheless, 
this study aimed to apply some relatively common techniques to determine the disparity, 
if any, between the transport properties of the investigated grouts. 
For samples which received no pre-treatment prior to analysis, results for intrinsic gas 
permeability showed one clear outlying result, with all other mix designs fitting with the 
expected trend. The samples which had been found to exhibit the highest weighted 
degree of hydration (C1S2f) displayed the highest corresponding permeability, whilst all 
other samples tending to perform largely as would be expected. The current hypothesis 
for this rather anomalous result is that the fragile hydrates present within the samples 
may be in some way damaged via the analysis technique (with this effect being 
exacerbated for the samples which displayed a higher degree of hydration). 
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Samples that were initially oven dried at 50°C displayed similar results, albeit with higher 
corresponding permeability values, suggesting that any damage caused through the 
applied drying technique was consistent across all grout formulations. 
Results from sorptivity testing on oven-dried samples were more consistent with what 
would be expected, in relation to the results obtained for hydration and microstructural 
development. Sorptivity appeared to be intimately linked to porosity and driven by 
capillary suction, samples which were found to have the highest degree of hydration 
(and hence lowest capillary porosity) showed the lowest sorptivity values. 
 
Application and suitability of X-ray µCT and coupled random walk simulation 
 
X-ray µCT represents a powerful tool in gaining significant insight into the 3 dimensional 
microstructural development of cementitious materials, with respect to time, 
composition, hydration and as a result of exposure to deleterious environments. The 
potential to analyse samples without recourse to potentially damaging pre-conditioning 
allows for much more representative results to be obtained, and the non-damaging 
nature of analysis means that samples may be analysed at a range of times to follow 
hydration. 
The application of X-ray µCT within the present study highlighted some interesting 
results and also allowed for some degree of quantification of the impact of resolution. 
The large calumite grains that were present within the C1S1 and C2S1 formulations 
were found to increase the diffusion tortuosity of the percolating pore space for a given 
porosity value. Whilst this impact was significant at early age (with samples analysed up 
to 28 days, and samples of other compositions at 60 days) it would be expected that 
continued hydration and pore filling, which appears more prevalent in the non-calumite 
containing grout formulations, would serve to significantly offset this effect. 
Since the application of cementitious grouts for the treatment of ILW is a very long-term 
(essentially permanent) solution, continued hydration at very late age is highly 
significant. Whilst the limitations in time and access to facilities did not allow for very old 
samples to be analysed via X-ray µCT within the present study, it is expected that results 
would follow the same trends as observed via BSE-IA, with continued hydration leading 
to significant pore-filling and weighted degree of hydration (Figure 4-6) of the C1S1 and 
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C2S1 formulations slowing to a comparatively higher degree beyond the first few 
months. 
Resolution is clearly a significant factor in identifying and segmenting the pores within a 
sample (Gallucci et al., 2007). Within the present study it has been possible to quantify 
this through the application of random walk simulations and pore analysis. Increasing 
resolution from 1.57µm to 0.53µm had an insignificant impact on segmented porosity; 
but, crucially, affected the measured interconnectivity of the pore network. The result of 
this increased resolution was to identify the very small pore throats that were lost at the 
lower resolution; consequentially, a lower diffusion tortuosity was determined. 
 
Impact of heat-treatment 
 
Effect of exposure on phase assemblage 
 
From TGA it was evident that a greater volume of hydrates were formed in the C1S2f 
grout, relative to other formulations; for which comparable levels were observed up to 
and including 28 days. Mass loss beyond 400°C was significant and within larger 
samples led to significant cracking and damage to the internal microstructure. 
Damage caused to samples exposed to elevated temperatures was somewhat 
incongruous and appeared to be a function of hydration and microstructural 
development. The presence of particular crystalline materials (namely monosulfate and 
hydrotalcite) following exposure to 400°C was only observed for the C1S2f formulation, 
indicating that different temperature profiles were experienced for different grout 
formulations. This reduced rate of temperature change within samples prepared with 
finer slag is of key significance with regards potential performance of waste packages 
in the event of a fire scenario within a storage or disposal facility. 
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Engineering properties following exposure 
 
Intrinsic gas permeability of heat-treated grouts did not provide significant insight into 
the effects of exposure, with samples exposed to the most severe conditions being unfit 
for testing. Application of sorptivity testing provided significant information as to the 
impact of exposure, but it was not possible to compare the results for grout formulations 
containing very large slag grains (C1S1 and C2S1) with more standard mix designs 
(C1S2c, C2S2c, C1S2f, C1S3c) since the presence of these large particles skewed the 
results. 
The sorptivity index may be seen as an indicator towards the degree of damage 
experienced by a grouting material, particularly at the outer surface; where increased 
sorptivity was a function of coarse porosity, which in turn is governed by the overall 
degree of hydration of the material. 
X-ray µCT provided significant insight into the damage caused within cementitious 
materials exposed to deleterious environments. Achieving meaningful and quantifiable 
results was something of a trade of since achievable resolution is a function of sample 
size (typically of the order sample size/4-5000). Since the samples analysed within the 
present study were significantly smaller than those tested via gas permeability and 
sorptivity (2.5mm, as opposed to 27mm), it is not possible to make direct correlations. 
The results obtained via X-ray µCT indicate the damage caused at the outer edges of 
the samples and provide significant insight into the effects of high temperatures and the 
resilience of particular mix designs. 
Consistent with observations of samples prepared for permeability and sorptivity testing, 
cracking and sample fracture as a result of exposure to elevated temperatures was 
clearly visible in reconstructed VOIs from X-ray µCT (Figures 5-6, 5-8 and 5-9). 
Significant mass loss, particularly beyond 400°C was observed, in line with results 
obtained via TGA, and ultimately leading to significant crack formation and coarsening 
of pores within the bulk matrix. 
When samples were exposed to temperatures of 800°C there was a slight disparity in 
subsequent segmented porosity and diffusion tortuosity values, with the calumite 
containing C1S1 formulation more negatively affected than the, more standard, C1S2c 
grout sample. It was clear that cracks were propagating around the large anhydrous slap 
grains and exacerbating the degree of damage experienced, and consequently the 
interconnectivity of the resultant pore space. 
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Overarching industrial conclusions 
Context for legacy, current and future waste conditioning 
Research has shown (Taylor, 2010) that even at late age, there remains a large degree 
of anhydrous slag present within composite cement systems at high levels of 
replacement. This fact should always be borne in mind when considering conditioned 
waste packages as they remain in a continually changing state. This work has shown 
that hydration is affected as a result of the fineness of the different constituent phases 
present within the grouting matrix and that this has implications upon the microstructural 
development, which will ultimately affect engineering performance into the future. 
An appreciation of how these changes will impact upon waste package integrity is crucial 
in order to ensure that the engineering barriers employed to mitigate risk to the public 
are sufficient in the design of storage and disposal facilities. 
Legacy changes to powder supply and grout specifications and hence compositions 
have undoubtedly had impacts upon hydration and subsequent performance. 
Quantifying these impacts and ensuring that they do not result in unacceptable 
increased risk is essential for the long-term success of waste treatment. 
Since the slag fraction accounts for (typically) 75% of the total powder fraction of the 
grouting materials, it plays the biggest role in controlling overall grout hydration; which 
in turn dictates microstructural development and the physical properties of a conditioned 
waste. Whilst a finer slag has clearly been shown to result in higher degrees of hydration 
and a resultant finer and more developed pore structure, application of a finer slag poses 
a number of logistical and engineering difficulties. Increasing powder fineness results in 
a more viscous ‘stiffer’ grout, at a set water to binder ratio, and increasing water content 
would lead to a higher total porosity within the conditioned waste (something which all 
concerned are very keen to avoid, since this will have a negative effect upon 
permeability and potential leaching rates of waste species). 
Transitioning to the current (and most recent) specification incorporating Calumite was, 
at the time, an unavoidable decision, owing to the lack of availability of powder which 
conformed to the previous specification and an industrial refusal to increase the water 
content of the grouting materials. At the present stage, with hindsight and pragmatism, 
the author would suggest it prudent to revert back to a single powder of singular PSD 
(as opposed to the current bi-modal PSD that the blended slag fraction possesses). The 
present study has shown that not only does this avoidance of much larger grains result 
in an overall higher degree of grout hydration at later age, it also produces a grouting 
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material (and hence waste packages) which are more resilient to potential deleterious 
environments. 
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Recommendations for further work 
 
The use of cementitious grouts as conditioning matrices in the treatment of intermediate 
level nuclear waste is a highly complex challenge. The timescales involved, the 
variability in range of waste stream compositions and the large number of variables and 
assumptions that must be made when modelling and predicting performance mean that, 
on the whole, a vast volume of dedicated research is required. 
This project has focused on the hydration and microstructural development of grouts 
and makes up just a small portion of this significant area of research. Further 
investigation in a number of areas would provide significant increased insight into 
hydration as a function of a number of different parameters, 
 
Materials and scope of compositional effects 
 
Increasing the scope of study to include a range of slags and clinkers of a wider range 
of compositions would allow for greater quantification of the degree to which PSD and 
chemical composition affect rate and degree of hydration. Due to a number of external 
factors, as well as time and resource limitations, it was not possible to expand the project 
in this manner; doing so would enable a greater understanding of the impacts of changes 
in supply to be quantified. 
 
Testing methods 
 
This study would be enhanced through the inclusion of more in-depth XRD analysis, in 
particular quantitative XRD, via the application of PONKCS and Rietveld refinement. 
Given the constraints with both time and availability of suitable resources it was not 
deemed feasible to include this area of investigation into the present study. This would 
become an increasingly significant avenue of study were the study to be extended to 
include a wider range of powder compositions. 
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More detailed investigation into the impact of heating on the phase assemblage and 
degradation of samples would provide insight into resilience. Conducting a more 
thorough study of heat-damaged samples via SEM-BSE would allow for better 
understanding of the impact upon the hydrates (in particular the CH and C-S-H) within 
the bulk of the grouting materials. Conducting subsequent heat-testing in which samples 
were exposed to designated temperatures (200°C, 400°C and 800°C) for longer 
durations to allow them to real equilibrium would provide further insight into the resilience 
of the various grout formulations and avoid the disparity in temperature profiles that were 
observed in the results provided herein. 
Had access to X-ray µCT facilities been more reliable and readily available, further 
expanding this area of investigation to include both younger and much older samples 
would provide a very interesting avenue of enquiry. Similarly, had applications to access 
synchrotron facilities been successful, this could have expanded the scope of this area 
of investigation (either through enhancing resolution, increasing throughput or allowing 
very young samples to be analysed multiple times, to follow early age hydration). 
Expanding the range of testing methods to probe pore-structure (MIP, BET etc.) would 
allow for a wider range of length-scales to be investigated and for a rigorous assessment 
of the strengths and weaknesses of each technique to be critically analysed. 
 
Degradation mechanisms 
 
Application of long-term engineering performance testing would provide a great deal of 
insight into the resilience and degradation of different grout formulations. Coupling this 
with accelerated testing (by means of leaching, carbonation, chloride penetration etc.) 
would be useful in gaining insight into the very long-term behaviour of conditioned waste 
packages. 
Analysis of grout samples from full-scale waste packages would allow for a great deal 
of additional insight to be gained. Investigation of samples from a range of positions 
within a waste package would allow for the impact of heating to be quantified; 
understanding how this impacts upon hydration and, hence, porosity.  
Exposure to elevated temperatures for extended periods would provide further insight 
into induced degradation. Through heating samples for a sufficient period for a constant 
temperature profile to establish it would be possible to compare and contrast 
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performance of samples in a simpler way. Interaction between anhydrous and hydrated 
phases and the propagation of cracks could be studied and quantified in more detail. 
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